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Dynamics of Polymers in Solution and melts

—— S.F.Edwards
Cavendish Laboratory
Cambridge.

Abstract

jﬁ»simple models of polymer dynamics are available in dilute solution,
moderate concentrations and melts, since it is possible to make models
of the motion in these cases. A series of power laws result which fit well
with computer simulation. It is more difficult to derive these models
directly from sensible equations of motion, but progress in this direction

is reported in the paper, —

~_

September 1983
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§( Introduction

Polymer dynamics involve different time scales according to the part of
the polymer involved and the environment that it finds itself in. In smaller
molecule dynamics one can identify three obvious regimes, the molecule alone,
usually meaning in the gaseous phase where one has an n body problem if
there are n atoms, an n body problem with external noise and friction which,

roughly speaking, is what one expects in a liquid, and to some extent a glass, ,

and finally part of an Nn body problem in a crystal. Notoriously the middle
problem is the worse since the first has non stochastic equations, and the
crystal is at least quite explicit , and there is a well defined band theory.
The liquid case is the most difficult since the molecule has a structure
comparable to its surroundings, it could for example be in the liquid phase of
its own species, and there is no easy way to simplify the environment as there

is with a large Brownian particle in a small molecule fluid.

If one studies a polymer which is a string of smaller monomers then only
those aspects of its behaviour which have to do with the polymerized nature
have any hope of being easier to understand than the corresponding monomeric
liquid, and the solid state of polymers will always be more difficult than the
crystalline phase of the monomer, although again they may have some features

which are simpler than the monomeric glass.

One can consider the behaviour of polymers characterized by relaxation
times or typical frequencies, and the discussion above amounts to saying that
when one studies high frequencies, a polymer melt is only marginally different |
from a monomeric melt, and indeed this is borne out experimentally. But the
polymerized nature of the material totally alters melt and solution behaviour at Dy
low frequencies, the long chain nature being reflected in the spectacular | f

increases in viscosity which are so characteristic of polymers. There will of '
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course be effects in the solid state also, but they are not so spectacular
since the fall of temperature means that Van der Waals or hydrogen bonds are
now real bonds and all glasses are polymer networks in some sense; a glass
made of polymer is much the same as any other glass once one is well past
the glass termpcrature.

So if one wants to study stimulating theoretical ideas it is natural to
aim at effects which are characterized by long time scales, and an obvious
pitfall ensues. To graft that kind of theory omts monomeric structure is a
hard problem, but one inescapable if that is what one really wants to do;
it is no good solving by methods which are fine on long time scales and
extrapolating to short time scales. This is a general caution to be noted.
Current polymer dynamics initiated in the famous Rouse paper is at the level
of elastic wave theory of solids, the Born Von-Karman theory, or equivalently
it is equivalent to the Rayleigh, Jeans and Wien formulae of black body theory.
The Born Von-Karman theory does not produce that multiplicity of branches in
the vibrational spectrum, and in the way that faults affect it. But there
is an enormous richness in polymer theory at the Rouse level since a whole
host of new problems, still entirely confined to long time scales, appear in
polymer problems, and they pose problems which are very deep mathematically
but intuitively obvious.for example: how long will it take for a knot to untie
if the string is subjected to Brownian motion? (If the string is in a melt,
the melt encloses it like a tube, and one question is asking how long it takes
for the chain to wriggle out of this knotted configuration into a new configuration.
This is clearly a shorter time than wriggling right out of the initial tube into
an entirely new tube, and that time can be calculated by reptation theory and
is proportional to L-z. So unless the new tube is the same class of knot one has

the solution to the query at a crude level).
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I shall put forward a chain of developments of dynamics in recent years
which amount to a reasonable intuitive solution for long time scales, and
point out the basic problem of improving these theories to the level of

mathematical proof.

§2. The single chain

Forces between monomers, and also forces between the polymer and its
surroundings have the effect of expanding or contracting the chains. This
paper is concerned with dynamics, so it will omit all discussions of swelling
or precipitation. This is a topic 'under control' and can be built into the
analysis without too much difficulty; it is not worth while muddying the
equation with complexity which will not be used. There is a dynamical
equivalent to this simplification in that every motion involves crossing
potential barriers in quite complex ways, and these ways are affected by the
environment just as a single particle can have complex jump behaviour
but still in the end will have its long time motion governed by a simple

diffusion equation:

K
dt

8

(2.1)

one can hope for a similar equation for the polymer.

In the presence of a potential V(x) a particle in equilibrium will have

F-V(x)
P = Q,C )/«-1;

where 42_F:A‘1— is the normalisation. This modifies (2.1) to

? _I),D /E +J_(a,y —
(3 e ( I ) P 0 22
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a simple but rather unfamiliar form since one generally does not find
Brownian particles in central fields of force. The mathematical form is
familiar in the Fokker-Planck equation for the case of particles with

inertia and soft forces which has the form:

//9 9 _ m‘lf,\
HEP /91; \P

\ ot oY B‘U‘/‘ «T /‘/

_Zaty(ﬁr)being the velocity dependent (2.3)

tensor diffusivity required in say plasma physics.

What is Po for a polymer? In equilibrium it is a random walk. Suppose
it were freely hinged rods whose ends were at N ... _‘7;, and each rod

is of length _Z

(2.4)

It is well known that the end to end statistics or indeed the statistics of
any points distant from one another along the chain is independent of the
precise neighbour configuration, and the analogue of the variable Wil cShacla
describeselastic waves in a solid, or the macroscopic density or velocity in

a liquid, are the fourier components

Ky, = 2'n SRS 22

(2.5)

which gives(by a well known straightforward derivation not reproduced here)

F ~ 3
° W Q’(/’/ 2¢ an 2 9 / )
\N H\t T'LNW\OJ(‘L a((’w\ \ (2.6)

/
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(I have used the complex form for simplicity, but it contains the real

form if required by relations between the real and imagining parts of‘-Rq ),
The q in the sum cannot exceed the number of links (recall the Born theory)
but in fact if ever we need to restrict the sum the theory will be wrong
since high q brings us into a region outside the present validity. Note that
there is no K-T_ in Po’ the random walk has entropy but no& #gee internal

energy. The analogue of (2.2) is now

/9 J 2 \
f 2 "'2" -D - ’fs?’ Q \;P:
7 AR, FR.  am ~ V)
2.7
Provided one realises that only the q variables have meaning)one can also

back Fourier transform

———
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where the continuous arc 1engthF have replaced the discrete hl., but for those
who find functional differential equations hard to swallow one may emphasize
that (2.7) is exactly the same as a equation for highly damped phonons in a
solid, or radiation in a highly emitting and absorbing material.

Equation (2.7) is the Rouse equation and the q's label Rouse modes. It

can be solved exactly, for if one writes

~ 3 1* 2
P =B , t(sim 3 VIRIT)

(2.9)




which is Hermites equation and is in all the books under the quantum theory of
the harmonic oscillator, give or take a few constants and 1i.

From this equation one can work out the probability of the polymer getting
from any given shape to any other. By taking the first moment of (2.7) we

see that it is derivable from a Langewin equation:

vRy ¢ TRy o [
xmd %4
- (2.11)
. . T -
where Y is a friction 7 =D (2.12)
T 2

is the free energy per mode,

f being a random force. This friction 7/ R is just like the
o

/ \

G Tay

that the chain suffers a Stokes drag along its length and this drag shows no

of a Brownian sphere in Stokes formula, which amounts to saying

coupling-ad.w\a Hhe Chaia .

In fact it must show coupling since the flow around any point will affect
neighbouring parts of the chain, unlike Stokes' problem where each Brownian
sphere is considered remote from each other one. The hydrodynamic effects have

been put in by Zimm and modify the diffusion equation in a way most easily

written in the form (2.8). \
2 _y[ro _ 3R )
KO Iy A g R RS,
o 2By e ) e

y=o
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where a()/3 label a pair of polymers, MY are Cartesian indices

and Z%“v is known in the hydrodynamical literature as the Oseen

tensor. It is most easily written in fourier transform

/
Ppo(k) = Spr = R ko/h™ | 7
N Y k* /

(2.15)

(The speed of propogation of the signal through the liquid is here ignored).
Equation (2.10) is frequently simplified by replacing D by its average for

a random walk.

< . - [e//?(‘;s) _R//-"’/g,‘)/) >

g /> e — R*A [s-5'|/¢ 216

—
—

so that

becomes

o T 7 2 ™)
Z — ‘ ”9(,, F 3Ry

(2.17)
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(e (e(R™s,€) = R g0,0)),

From these forms, or directly from the Langevin equation one can derive

the correlation functions

- (R0 R"r5,0)">

o (2.18)
< (R0 —RPey,00 )™
S gr [fdgde (7 - e DeT o,
for the Rouse c‘a/xse and wl *+ (D7L‘<T) “
dz tw (1= P fgon 2
/3/<723/‘ 2 [ /) J
7
(2.20)

for the Zimm case. The Zimm result is more realistic since it is derived

from possibly realistic model, that of a polymer embedded in a fluid with
normal hydrodynamics. The weakness of the model lies in the neglect of the
entanglements. The Rouse model on the other hand is not realistic as it
stands since there is no justification for assuming a drag coefficient in the
form of a simple constant, which certainly will not result from the equations
of hydrodynamics. Experimentally the viscosity of a dilute polymer solution

- » » - . d . . . ’I'
verifies the Zimm result, for the viscosity in this case is proportional to /. *

(i.e. M5 where M is the molecular weight).
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i screened once the density of polymer is such that the chains overlap. If
J
3 one takes equation (2.14) and averages away all polymers except one, one
finds that simple screening does obtain, and just using mean densities the
| equation governing the effective hydrodynamics equation.
®
‘ 0
! u
| - 4 %) V,
I M)y + Ve P
{ ‘ / . Axtern A (2.21)
I e Funid
b
!
: and the effective polymer dynamics
‘i ) 2 —— /\ C?S
e Ry + x7 4 /'{” Jag ) = j'u/&/s))e de

e et -
o — .
ik R

(2.22)
' ] /LSM
k*e N
ML) = 70%1 b &Ly y SeTeae
| 7 BT T s 3T T /L
(2.23)
Whiae ¢ i;?24 /\527.~\¢4, (\-¢l&xh/h12;ﬂ,/ e d

.

) 7%) = g[—“ / A _‘j.l _—[(/3‘ - . ‘
et AT ko) + 97 |

(2.24)

L e
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If an arbitrary friction term is still left in, it will appear as

5 (//—/— v Jrz))@'y + K71l (7“(7 L/Q7 =

(2.25) ‘)
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At high enough densities one can expect a solution

'm) = /7, +57){2 RY 4</ )

- -2 (2.26)
= (24 X7) wea>
where, by studying \/2 -23) 2‘34)one finds that

-2 - (2.27)
P o=pE”

This is of course an asymptotic solution to have so simple a form
and the full equations are quite complicated. A particular problem is
that the entanglements must dominate at high enough density, and it is not
clear if this screened regime is ever realistic; but experimentally one
certainly has a regime of viscosity M before the melt behaviour characterized
by M 3+ sets in.

This region will be considered below.

The conclusion of this section is then that the diffusion of a single
point on a polymer in solution, or the two body correlation function, can be

obtained provided that entanglements are ignored, from the formula

(e Lk RIst) = R(s"0) S

_ ) ‘Wb 4 (tqs,_s.D
= erp /_ g ﬁ(’ ~_f_~_,_-_, k? 7(9) (2.28)

2 L wy
v 4 (KTzzj(z))) 4

'
(one point function has § = S , 2 two body correlation integrates over

s-s')

where J is given by (2.24) coupled with (2.23).
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i 9 §3. Entanglements

We have seen in the last section that the dynamics of chains which are
transparent to themselves can be resolved which they are in Brownian motion
with a simple drag friction, or surrounded by a viscous fluid, and when many
5 chains are present some screening phenomenon intervenes. But in fact all
; chains are non transparent, and this fact dominates motion in melts or
L concentrated solutions since almost all motions are blocked. A surviving /
motion will be the wriggling of the chain up and down the statistical tube

which one can imagine surrounding it on average, and a plausible visco elastic

i e theory can be developed from the reptative motion. It is also possible that

some kind of collective motion could exist, but no convincing theory of this

! exists at present. To illustrate the concept of reptation there is a simple
}
! ¢ computer experiment.
Suppose a lattice is made up in two or three dimensions which we
illustrate by a two dimensional array of dots. The polymer is moved by
¢ Monte Carlo moves. It is well known that without the lattice this gives the

Rouse equation. If one regards the lattice as defining a tube one can

characterize this by pulling the polymer taut one generates another walk

. with a larger steplength, called the primitive path. The steplength of this

primitive path, a say, is also the thickness of the tube. ) ’
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. Suppose the distance along the tube is $ and the absolute coordinate R

((Rs)-Rls) 5 = alS =5,

. ’ (3.1)

Now consider a point on the polymer initially labelled Sz and after a time

.

[ ] labelled S

/
Th Then

/'\\ —'S 2
< ~y »\>

is given by the Rouse equation in one dimension !

AT ¥ L

° and this as was shown above gives g
s 74 9 S ZFWt/y — .
J —- - ~ N 6‘ (3.2)
! A A
®

(Note the distinction between this and a Browmian point particle which
gives £).

® Hence

<ISk) - s6) 'S« E

(3.3)

° <(R (’g,(_—) - R{S,o))l> o ﬁ-'/‘f (3.4)

Thus one might expect a time scale initially of t:i for the polymer has yet
) to notice the tube. Then t*, it is diffusing up and down the tube. The

centre of mass of the time is the special component Z = O and will have

the usual t for § and hence ti for R, so after a longer time again the c.m.

. . . . . .. !
e will diffuse and take any point with it, geng t','( x

.

Finally the polymer gets right out of the tube and creates a new tube
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and the final t law must result. Thus one expects the hierarchy

(/o 1y I!;
S SN e (3.5)
The initial t; is a bit difficult to find with a computer which is moving !
the system very quickly indeed to get into the other ranges, but with the

eye of faith one can see the other three ranges.

201 !

()

log [(r

1.0}

20 30 4.0 5.0 6.0 '

This is for a fixed lattice and a free polymer. When all the polymers move
the time taken over the computation has to be immense both because one has

to move many more polymers and the checking of the topological integrity is
much more difficult and no longer can be incorporated into the program without
the use of memory and because the system becomes 'soggy' and collective modes

are clearly possible, but not easy to incorporate in a one point Monte Carlo

Yo BTNV Y
-

system. Various authors give various results, but my belief is that the
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reptation picture has to be the starting point of any theory. The authors
papers with K E Evans illustrate a whole range of dynamical effects of the
fixed lattice models, and these results have been extended by R J Needs to
star molecules, verifying the results of the theories of de Gennes and of
Doi, and the experimental diffusion results of J Klein.
Thus we can now argue that the diffusion law as a function of concentration

will go like

(hydrodynamics) 2/3
Low concentration ( Zimm )y t finally t
. . } . 3.6
Higher concentration (Screened) t* finally t
(to Rouse)
. SRS SR
Melt (Reptation: de Gennes) t*, t*, finally t° then t.

The intermediate regions are difficult and a principal difficulty is
that the fundamental problem of how to describe the motion of entanglements
has to be resolved in the region between higher concentration and very high
concentration. In the former (and in the Zimm regime) one just ignores it.
In the very high density regime it becomes straightforward once it can be
represented by a tube.

How can one give a representation of the tube in mathematics? One way
is to consider the polymer at two times. Since this paper is being read at
an NMR conference I will not worry about very long time scales; alternatively
we can consider rubbers where the tubes are permanent. Suppose the polymer
is initially RZ(S) or Rz(q) and later at R|(1?. Then over the time scale over

which the polymer moves a tube step length it will not encounter the walls.

(This whole argument is going to be 'average'). Let this time be called(D?z) l
0

where <iohas the dimension of q and is related to a, 70 ~ (,a.—z.' (3.7)
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The Rouse equation is a version of Hermite's equation and the joint

probability of finding R (Q) at t=o and RZ(Z) at t = t is given by

Plrees )= T expf - 2 3YB 1* +[82y))

‘112 ”@lq)L—i—lEu‘]z) eoth Dot + g2 [R,,e +12,,ﬁ_R 1)6:/::&1)1{1&}

X [(S‘M D‘,"t)/bq‘—t ] 3’.1 (3.8)

Note that

\()‘ p/@{llﬂg}z)(‘)? OL’Q(7 = /Do @17)

A ;

and

P RT3, 0 4Ry = R (Ba1) o

where (3.10)

/
B s W2 w50

This is for a free polymer.
We now argue that for a polymer in a pipe the joint probability is the
expression above with D 72 - = C,l/c'oz , Jw\“ﬂ
P = L
0o ~ P (E R, R 2 )
— ]) [,,_3.] 3 b?o
Note the complexity of the joint form. It would have been quite wrong to solve

the problem of a single polymer constrained to one dimension. The dynamics

of a polymer R tied by a tube constraint represented by a locus Rz can be

developed by noting that p¢° [ [Q] [QLJ) is the
= SN » 2.5

equilibrium distribution of R hence the equation:

fae ff OR _—oLo BPOOD R

6 II).
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It will be seen from the structure of P,, that R and R2 are strongly

correlated over 7‘ < C, 0 l:P_ AY > a

.

but weakly correlated for Ci > Cio (e S< a
<. )
which is precisely the primitive path picture.

It will be seen that -—L %o
Pos IR

boneav exp veftina  (nm

t? a

R and RZ’ so that (3.11) is still a version of Hermi tes equation and can

still be written down in closed solution so that one can now derive a form

P re1, L8] [[21]¢)

~»
for the probability that a chain constrained by a tube to R, starts at R

and is at R at t,
But the answer is sufficiently algebraically tedious that I will not '
write it down (it possesses the property of being tedious even though triviall)

A phenomenology is now complete, but what of the mathematics of entanglement. ~

4, Arigorous theory

] aevived :
This can be agpwe® from the full hydrodynamic form ( 2 ./& R :
because this equation comes from the Stokes boundary coundition 1’
= U (R "{
o B s(8) ;)
where is the fluid velocity. Hence if R, = R2
é = k v’

b A2
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It is now possible to argue that this condition is sufficient to
stop the polymers crossing. Hence the entanglements are already in (2./4 ).

A particularly simple version of this is to freeze all the polymers except one.

) C s
Then one can show that the last polymer /2, , satisfies
/4 0
5 —//xw I DR %y [R1fe). )5 o, ~3 K%
K J IR" (3) ") 3 ))
(4.1)
where D vanishes if any point of R(I) touches any point of R(z), R(3).. ...........
311

So at a rigorous level we have (4.1) or ( §s#%) which st b be
equivalent to (3.11) which expresses the primitive path structure explicitly,
i.e. if one could average away R(Z) R(3) s+ « o« s+ « o« o 1t would have to be
in terms of one of the primitive paths defined by these loci. The point is

that the solutions of (4.1) (as shown in ref( ) ) break up into a set of

probabilities each associated with one of the primitive paths of the network.

This is all quite straightforward for melts for in spite of the
apparent complexity it is merely showing a pathway from basic equations to
the results Of.§ 3, and to a much more accurate form of correlation functions.
I have hope that having got these basic equations one can explore the
transition region, but have a horrible suspicion that computer simulation will

get there first.
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ABSTRACT
i . A procedure of analysis of NMR measurements is proposed as an approach
4 v to the observation of a single chain diffusion process in a melt. The dynamic
' screening effect is applied to the definition of a temporary submolecule ; this ¢
" is used as a semi-local probe to investigate collective motions of all parts :
i of a polymer chain. Measurements performed on 13¢ nuclei or protons lead to
‘ ' similar conclusions. The best agreement with experimental results is obtained
by combining a M3 dependence of the terminal relaxation time (M is the chain
molecular weight) with a multiple-mode relaxation spectrum ; all modes have
-

! the same statistical weight.
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NMR AND MACROMOLECULAR MIGRATION IN A MELT OR IN CONCENTRATED SOLUTIONS
]
J.P. COHEN ADDAD
Laboratoire de Spectrométrie Physique (associé au C.N.R.S.)
Université Scientifique et Médicale de Grenoble
o B.P. 68 - 38402 SAINT MARTIN D'HERES CEDEX (France)
k
i . T - INTRODUCTION
e\
“~The purpose of this paper is to analyse the migration process of long
é polymer molecules in a melt or in concentrated solutions as it may be observed
* from the dynamics of the transverse magnetizatiaon of nuclear spins linked to
these chains.
“The low frequency viscoelastic relaxation of polymer systems is known
) to be mainly controlled by the mechanism of dissociation o£~fopal?gica1 cons-
traints excited on chains and which are called entanglements,1'2. This mecha-
nism exnbits a strong dependence upon the chain molecular weight. ~
|
’ ébtpese topological constraints alsoc govern the diffusion process of polymer

Ny chaihs(aﬂ So, the accurate description of the diffusion motion of a chain may '
be a conveniant way to characterize disentanglement processes necessatily invol -

ved in any model propased to explain viscoelastic effects. . __

: ——
' 4 , ~—— ,

Therefore, it is worth trying to define an experimental procedure giving

8 direct observation of the diffusion of a single chain at a molecular scale : ’

} . although it is in dynamical interactions with all surrounding chains.
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e 3= 2

‘.

Two problems are encountered in attempting to observe the diffusion

of a chain at a molecular scale.

Space-scale of measurements

Cne of these is a problem of space-scale of measurement. It is due to a
dynamic screening effect induced by topological constraints and characterized
by a correlation length o, § 20 R. Within a space domain defined by og. dyna-
mical fluctuations concern short chain segments, only {the number of skeletal
bonds Ne 1s about 2 x 102) ;3 they correspond tq high relaxation frequencies
(= 10B Hz) 4. These motions do not depend upon the molecular weight of polymer
chains. There are no correlations of fluctuations of these short segments from
one screening domain to another one. Therefore, to observe a significant dis-
placement of a long chain, it is necessary to have a space-scale of measure-
ment longer than Oy, ; otherwise, only local motions will be perceived. This
difficulty could be overcome by performing light scattering or neutron scat-

tering experiments. But there is also a problem about the time-scale of mea-
surement.

The time scale of measuwrement

The time interval TRep requires to observe the diffusion of a chain

over its own dimension, RG' is about 1 sec for a chain molecular weight M 108

and RG n 2x102 R 3 this corresponds to a diffusion coefficient Dge1¢ 10-10 n?

sec™1. The time interval is about equal to .1 msec for a displacement over a

(-]
distance smeller than O, = 20 A. These time scales are not appropriate to light
scattering or neutron scattering experiments.

Diffusion coefficient measurements

The difficulties about time scales and space scales have been overcome
in two ways. The first one was to observe the diffusion of a chain at a macros-
copic scale and not at a molecular one. Early measurements were made using
chains labeled with radio-tracers °. Deuterated chains moving through a pro-
tonated matrix were observed from i#%ared spectroscopy 8 ; the diffusion coef-
ficient of polyethylene chains measﬁred according to this experimental proce-

dure was found to vary as the square of the chain molecular weight within a
reasonable accuracy. '
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Another way was to shorten the time scale of chain diffusion by consi-
dering short chains in concentrated solutions or long chains in semi-dilute
solutions. The diffusion coefficient of polystyrene chains labeled with a photo-
chromic probe and moving through a pulsed pattern of interference fringes was
shown to well obey the predicted formula 3
-2 .-1.75
Dself M~C (1)
9‘5 the polymer concentration 7. A pulsed field gradient NMR technigue 8 was
recently used to measure the diffusion coefficient in the concentration range

0.04 < C < 0.16 (W/W) for chain molecular weights lower than 3 x 10°.

It will be shown from this paper that quantumcsherence properties of
nuclear spins may be used to investigate a chain diffusion process not by mea-

suring any diffusion coefficient Dself but by adjusting and comparing the chain
relaxation spectrum characterized by :

-1 2
TRep = Dse1#” RG> (2)
to an internal NMR reference frequency much lower than the Larmor frequency.
The adiabatic relaxation of the transverse nuclear magnetization Mx(t)
M (t) = <Mx[o] Mx[t)> (3)
is known not to depend upan any exchange of energy between the spin-system

and the thermal bath ; therefore there is no resonance condition to be fulfil-

led with the Larmor frequency ;'it is the reason why slow diffusional proces-
ses can be observed.

I1 - TWO BASIC NMR RESULTS

Two basic NMR results are used to investigate the diffusion process of
a chain in a melt.

bpdbcs




The s08id-Like spin-system response

i)} When the temperature of a polymer system is raiéed starting from
its glassy state, the resonance line-width of nuclear spins is found to rapi-
| dly decrease through the glass transition temperature ; then two cases must
be considered. For a polymer system made of short chains, the spin-system made
of short chains, the spin-system has a liquid-like response (narrow line ana-
logous to that observed on conventional liquids). Whereas for a polymer system
made of long chains the spin-system exhibits & solid-1like response ; the reso-
nance line (v 5x102 Hz) is of course much narrower than that observed in the
glassy state. This is the first basic NMR result. The solid-like response is
easily controlled from a spectrum narrowing effect induced by a sample rotation

around an axis perpendicular to the direction of the steady magnetic field 9.

The disentanglement NMR transition cunrve

e ———t  (ax - 0  d

11) At a given temperature, a transition of NMR properties from a solid-
like spin-system response to a liquid-like one is induced by decreasing tie
chain molecular weight ; correspondingly, the resonance line-width is found to
decrease from about 5x102 Hz to about 10 Hz according to a reasonably sharp
curve which we called a disentanglement NMR transition curve because the strong
chain length dependence of the resonance line-width is necessarily associated
inth an increase of the rate of dissociatiqn of entanglements 10. This is the
second basic NMR result(Fig 1.)

. TIT - RESIDUAL DIPOLE-DIPOLE INTERACTIONS '

¢ . Before explaining how thé chain migration process may be involved in
. these basic NMR properties, it 1s worth emphasizing that magnetic relaxation
processes observed on most polymer systems are induced by dipole-dipole inter-
actions of nuclei ; they are tensorial functions of nucleus coordinates ; they
' ; t strongly depend upon the distance I?l between two nuclei and also upon the
| orientation of the vector joining two nuclei with respect to the steady magne-
tic field direction. For the sake of simplicity, the energy of dipole-dipole

¢ interaction is written as : 3 ’
¢ '

W = (3 cos?e -.1)/r3 (4) 3 :

A ; !
. (8 1s one of the anguler‘coordinates of ). '

. 4 ;
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Most polymer chains are made of proton pairs and methyl groups. Within a pro-
ton pair or a GCH3) group, the distance between nuclei is a constant and only
angular properties are obéérved. translational diffusion effects between dif-

ferent solvents are eliminated. l

We consider that the solid-like response reflects a residual energy ;
i of dipole-dipele interactions because a partial spectrum narrowing effect, only,

. is induced by macromolecular motions. Although the chain diffusional motion

is isotropic, it is like observing an apparent non-isotropic motion because

the diffusion of a chain over its own dimension is achieved within a time i
interval longer than the NMR time scale of measurements. i

— o sy
»

IV - A BASIC ASSUMPTION : A TWO-STEP MOTIONAL AVERAGING
Two dispersions

The only basic assumption necessary to account for the solid-like

response and the disentanglement NMR transition curve is to consider that
there is a two-step motional averaging of spin-spin interactions ; this is
supposed to result from a wide chain relaxation spectrum consisting of two
well separated parts 11 : two dispersions 91 and Qz. This hypothesis is in
agreement with general viscoelastic properties and with the dynamic screening
effect : to the cut in space correlations also corresponds a cut in time

correlations. N

01 is called the transition spectrum ; it is associated with local
motions of short segments ; it may be studied form the nuclear magnetic spin- ’
lattice relaxation. While Qz(n) is called the terminal spectrum ; it is asso-
ciated with the collective diffusion of all parts of a chain ; it strongly
depends upon the chain molecular weight. _ .

Loss of memory of orientations

The memory of orientations of a given monomeric unit observed through
dipole-dipole interactions.jgb. is lost in two steps ; the memory function :

. ort) = <1k 01> (s




is aplitted in two parts, with :
dy gy 2 1( 2
¢(°) = < D[t] = D>n1) ?91 + (< D>91) (6)

1) There is a fast decay of the memory function associlated with the 91
spectrum ; this leads to a residual energy < D>9 calculated within a dynamic

screening domain, i.e. over short segment .motions corresponding to the 91 spec-

trum(lqéz,ji) ,
11) There 1s a long decay of ¢(t) associated with the LZ(M] spectrum.

Spectrum navowing conditions

Two conditions must be fulfilled to observe a complete spectrum narro-

wing effect :

i]p% - 5‘6>Q1/‘rc £ 1. for the f1, spectrum (7)
and

11) €ﬁ%>n1 Trep < 1. for the ﬂth) spectrum 83 ;
Te is the longest relaxation time of 91 s and |<ﬂ;>g | plays the role of an

internal NMR reference frequency which can bes used to monitor the terminal

relaxation spectrum QZ(M].

A temporany network structure

Finally, all these properties may be pictured by considering there
exists a temporary network structure made of temporary submolecules. A sub-
molecule is a temporary object characterized by :

1) its size defined from the dynamic screening length Oy = Ne'S,
with : -

-1

me (9)
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11) its life-time identified with the relaxation time of disentanglement

T « cm

Rep (10)

For polymer systems made of long chains, ws only observe NMR properties of the
temporary network structure, while for polymer systems made of short chains

we abssrve the dynamical dissociation of the network structure.

Characteristic NMR properties of this network structure must be now
detemined.

V - RESTDUAL DIPOLE-DIPOLE ENERGY WITHIN A SUBMOLECULE
Temporarny average onientational orden

Whatever the complex nature of all topological constraints exerted on
a submolecule, we suppose that it is fully characterized at any time, t, by
its temporary end-to-end vector ;é(t) 3 1t 1s supposed to be the only rele-
vant thermodynamic variable describing a submolaecule. The residual energy of

dipole-dipole interaction corresponding to a given end-to-end vector, ;e(t).

can be calculated for a proton pair or a methyl group 12,13 :
) = 29 -
E(r,) |c.0>91| « <3 CO%6 - 1>, (11
I'e
-1
-+ > -1 -+ 2
E(re) x re[ 2)re/Ne (12)

The non-zero end-to-end vector ;a(t]. induces a reduction of the chain
entropy ; it is like considering that every monomeric unit experiences an
additional potential energy hin&erning its isomerisation process. This entropy
reduction effect can be observed on polymeric gels 14.15
tems with surface interactions, too.

and on polymer sys-

Formula (12) actually describes a transfer of localisation of NMR pro-
perties from a local space scale to a semi-local one defined by ?e(t) : there
is a temporary average orientational order of monomeric units. This order is
a small effect since it reflects a strength of correlation equal to about 102 Hz
while the strongest corralation or orisntation (in a glass) is about 10° Hz.
We are not interested anymore in the memory of orientation of a monomeric unit
but in the loss of memory of orientation of ?,(t) vectors. )
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Calibrated gels : superposition NMR property

NMR properties may be shown to obey the key formula (12) by observing
the progressive swelling process of elementary chains in calibrated covalent
gels. End-to-end vectors are identified with vectors joining two consecutive
cross-link points ;5 they hardly vary with time in a covalent gel corresponding
to a pemanent network structure. The characteristic dependance of E(;e] with
respect to the submolecule (elementary chain) end-to-end vector ;e is observed
by swelling the covalent gel. Applying a packing condition to partly swollen
elementary chains, I;el may be expressed as a function of the swelling ratio,

q, according to the formula :

|;e| « q2/3 (13)

q is defined as the ratio of the volume V of the swollen gel over the volume Vo
of the dry gel (q = VNOJ({-;'%, 5).

To observe the characteristic dependance of E with raespect to the num-
ber of bonds of a submolecule (elementary chain), Ng is varied by changing the

concentration of synthesis, Ver of covalent gels 15 :

Ng = vc'f”4 (14)

Combining (13) and (14), the residual eneréy of dipole-dipole interaction
should vary as

£« 23 Vcs/a (15)

Using the reduced variable q2/3 v 5/3. transverse relaxation rates measured

on calibrated polydimathylsiloxan: gels have been shown to obey a superposition
property 15. Several concentrations of synthesis Vo " .84, .74 and .46 g/cm3
and two swelling agents (toluene and chloroform) were used. The methyl group

is well appropriate to the study of submolecule properties because the fast
rotation aroqnd its C-axis eliminate most of the dipole-dipole interaction. The

remaining part only depends upon the orientation of the E-axis 1.e. of skeletal
bonds.

o e
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Entangled chains : a supenposition property

NMR properties may also be shown to obey formula (1) by increasing
the mesh size of the temporary network structure. The number of bonds, Ne, in
a submolecule is increased by slightly diluting concentrated solutions of long
palymer chains according to formula ( Q) ; while the rate of dissociation of
entanglements 1s not high enough to induce the second step of motional avera-
ging process. Therefore, by increasing the mesh size we expect to only abserve
a reduction of the residual energy of spin-spin interactions, reflecting more
freedom given to ifsomerisation processes of monomeric units. The relaxation

function of the transverse magnetization is expected to keep its mathematical

structure( F.é 4 ).

Relaxation functions of protons recorded on five concentrated solu-
tions (.45 < C < .9 g/cm3) of long polyisobutylene chains (M A 1061 in carbon
disulfide, have been recently shown to obey a superposition property, by
applying a suitable shift factor to the time scale 16. All relaxation functions
carrespond to a solid-1ike response ; the superposition property reflects less
average order of monomeric units ; the chain entropy is increased within sub-

molecules.

VI - CHAIN DYNAMICS
Intenal neference {requency

We now have a quantitative way to characterize NMR properties of
the temporary network structure, from the residual energy of dipole-dipole
interactions :

-2

v (16)

2 2
ts¥0>91) « EStr) = T

T;1 will serve as an internal reference frequency.

A submolecule is thaen considered as an ephemeral slement which will
be used as a probe to analyse long range fluctuations in a chain. We suppose
that the two-atep motional averaging process still appliss when the network
structure dissociates quickly enough to induce a complete spectrum narrowing
effect. The second step of this effect 1s closely related to the loss of memory
of orientation not of a monomeric unit but of a end-to-end vector of a sub-
molecula.
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When the chain moleculer weight is decreased, the mesh size is kept
constant but -the rate of dissociation of the network structure is increased.
The residual energy of dipole-dipole interactions is now consider;d as a time
function, E(;e[t)). obeying the obvious condition :

-2
\Y (17}

Er (t)) = T
at any time t. The description of the network at any time, t. The description
of dynamical fluctuations of the network structure is a complex many body pro-
blem which has been solved until now within a mean field approximation. The
dissociaprocess of the network structure is supposed to be closely reflected
by the diffusion motion of a single chain in dynamical interactions with all
surrounding chains. Therefore, it is considered that thé loss of memory of
orientation of a submolecule end-to-end vector may be associated with the Q5(M)
terminal spectrum of a chain. Two main models have been proposed until now to

describe diffusional motions of a chain in a melt.
Rouse model

According to the Rouse model, the memory of position of a polymer
molecule is lost in each of its points, at any tima. This model is built from
linear thermodynamic fluctuations governed by a free energy :

*2

Fe.J « 3 KkTr J/Na (18)

associsted with the end-to-end vector ;e.J of tha whole chain is a sum of all ’
glementary free energies F e J Collective motions of submolecule end-to-vectors

,j(t) are described from normal modes determining the R,(M) spectrum. Any
relaxation time r is defined from

R R -2

B = T ,r P = 1,2 (19)

T? is the terminal relaxation time ; normal modes have an uniform statistical

weight ; r? is predicted to vary as the square of the chain molecular weight.

It 1s curraently considered that this model well applies to short chains in a '
melt, without any entanglements 1( Fg‘ 3‘),




Reptation model

? ' . The other model proposed to describe the diffusional motion of a
| o chain in a melt is founded on the tube concept and the reptation motion. The
tube concept was first introduced by Edwards to describe statistical fluctua-

tions of chains, at equilibrium. The reptation motion of a chain in its surroun-

ding tube was proposed by De Gennes. Accoirding to the reptation model, the
memory of orientation of submolecules is lost at tube ends only. The memory
of orientation is kept in centrsl parts of the tube until these are reached

RUIEN DHPRS ¢ TN T

by one of the ends of the chain moving backwards and forwards in a random way,
along the tube. The QZ(M) terminal spectrum consists of a series of modes cha-

racterized by relaxation times :

-

-
N
R
-
o

p=1,35....

[

The terminal relaxation time TRep was predicted to vary as M3 instead
of H . The statistical weight of each mode is proportional to p =2 ; this gives
a negligible weight to all modes, except for the first one. The reptation model

-

q- is in reasonable agreesment with viscoelastic pmpertias( ﬁ& é ).
{
Comparison with NMR nesults
¥
1
. The principle of the NMR observation of the diffusion process of a
single chain in a melt is to shift the nztn) spectrum through the internal refe-
. rence frequency Tv-1' Starting from very long chains 92 is shifted towards short

values of chain relaxation times by decreasing the chain molecular weight 17, '
Then, the relaxation rate of the transverse componant of the nuclear magnetiza-

i‘ tion 1s decreased according toc the disentanglement NMR transition curve discus-
sed in section I.

The relaxation function of the transverse magnetization has been
calculated according to the formula :

M (t) = exp{-aT (pzq Tp q (exp(-t 1~ q)

. . -1 .
* T 171
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with T = T +T (21)

a 18 & constant depending upon the chain diffusion model chosen to

13,17 i

describe NMR properties « The best agreement with experimental NMR results

'1s obtained by combining the chain molecular weight dependance of the terminal

relaxation time T given by the reptation model, with the ,(M) relaxation

Rep
spectrum given by the Rouse model 10.16.18

. Values of the terminal relaxation

times obtained from previously reported NMR measurements were 5 x 10'2, 2 x 10.2

and 8 x 10'2 sec polydimethylsiloxane (POMS), polystyrene (PS) and polyisobu-

tylene (PIB) chains, respectively ; the concentrations were 1., .53 and .47 g/una. i

respaectively ; while the molecular weights were 2.2 x 105. 2.5 x 10S and

2.25 x 105. respectively. These relaxation times are about ten times longer

than those usually estimated from viscoelastic measurements and defined by the

; | ratio no/G: 3 no is the zero shear rate viscosity and G: is the plateau mo?;lus. i
c

nucleil in natural abundance. Such a property clearly shows that magnetic inter-

Results observed on protons were found toc be similar to those observed on

. actions between nuclei located on different chain segments have negligible

effects. These interactions are averaged to zero by local motions of short

- ——

segments in dynamic screening domains. Therefore, a linear distribution nuclear
magnetization is defined along polymer chains in a melt. Consequently, it is
possible to observe dynamical properties of a single chain although it is in

dynamical interactions with all other surrounding chains.

CONCLUSTON

Long range fluctuations of polymer chains in a melt observed from '
l ‘ NMR correspond to the loss of memory of orientation of temporary submolecules
“ associated with dynamic screening domains. The cirterion of isotropy is defined
from the residual energy of tensorial interactions of nuclear spins within
scraening domains. More details about the reptation model would be probably
necessary to actually account for all NMR results. Also, a more tedious charac-

. i terization of the spir-system response would probably lead to a better accuracy
in the determination of the chain molecular weight dependance of terminal rela-
{ xation times.
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Finally, it is worth emphasizing that the NMR approach to the
observation of a chain diffusion process necessarily leads to, the analysis of
the whole terminal relaxation spectrum wher'eas measurements of a diffusion

constant do not give any detailed information about this spectrum.
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Fig. 6

Fig. 7
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FIGURE CAPTIONS

A schematic disentanglement NMR transition curve

The two-part correlation function of dipole-dipole interactions,
associated with the two-dispersion chain relaxation spectrum

A schematic progressive swelling of elementary chains in a

covalent gel
The mesh size of the temporary.network structure is increased by
slightly diluting the polymer system ; the number of bonds Ne in a

submolecule is increased

Accordinﬁ to the Rouse model, the memory of position of a chain is
lost in sach of 1its points at any time

According to the reptation model the memory orientation is losi:at

tube ends.

The §25,(M) terminal spectrum is shifted through the internal reference

frequency T;1 by decreasing the chain molecular weight.
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Abstract
. -

" The basis of M and !3¢ high-resoTution NMR investigations of solid
polymers is outlined. The I?t:NMR spectra of solid syndiotactic and
isotactic polypropene are discussed and their interpretation in terms of
conformation and chain-packingﬁeffects are reviewed. The effects of
decreasing temperature on the ?3C‘high-resolution spectrum of an annealed
sample of isotactic polypropene is described and interpreted in terms of
the crystal strqgture. The question of the proportion of the sample
giving rise to ¥3c signals is addressed and some results reported. The
main cause for observing only part of the total sample is shown to be the
I4 rotating frame spin-lattice relaxation behaviour. The }h';pin-1attice
relaxation and spectral characteristics of a number of polyolefine samples
are summarised and the role of spin-diffusion discussed. C?.The
heterogeneity revealed by the multicomponent Tlpe behaviour has
been modeled numerically using a computer and the conclusions are
outlined. The recovery behaviour of poly-1-butene, following conversion
to a meta-stable form by heating, is observed using both cross-polarization
and single-pulse excitation techniques. In addition, an example of the
investigation of a propene/ethylene copolymer by both 3C and H methods is

described to illustrate the interdependence of the techniques. l
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1. Introduction

NMR studies of solid polymers have a long history and a considerable
volume of Titerature. In the main, until about a decade ago, these
investigations relied on the use of H broadline spectra and associated
measurements of spectral moments and spin-lattice relaxation behaviour.
More recently, other nuclei have become important, largely because of
advances in technology and developments in NMR techniques. In particular
the use of 2H and 3C has become widespread. In this paper we describe
some work carried out in our laboratory which involves investigations of
solid polyolefines. It is presented as illustrative of some of the
possibilities of both 3¢ high-resolution NMR spectroscopy and 'H
broad-line investigations. No attempt is made at a review of other work
in the literature and the interested reader is referred to articles

elsewhere for such reviews [1-4],

2. Experimental

2.1 Samples
(a) Polyethylene: Two samples of high-density PE will be mentioned

PEI is a single-crystal mat obtained by slow crystallisation of an
0.1% w/w solution in xylene at 70°C followed by washing with methano!
and drying under vacuum at ambient temperature. The second sample,
PEII, is a melt-crystallised sample, annealed at 403K for 30 minutes.
(b) Polypropene: The isotactic polypropene used was a commercially
available grade, manufactured by ICI plc, having a melt flow index of
20 and an isotactic content in excess of 97% as determined by proton

NMR in solution via the racemic diad concentratfon (5). PPI was

fabricated as a thin film and was annealed at 433K for 60 minutes.
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PPII was also a thin film obtained by rapid quenching
from the melt to 273K followed by brief heating to 373K to remove
any of the smectic form.
(c) Polybut-1-ene: This was a commercially produced sample with
an X-ray determined crytallinity of~30%. PBI was used as obtained
whilst PBII was made by heating a sample of PBI to just above the
melting temperature (~380K) followed by rapid cooling to room
temperature.
(d) A propene/ethylene copolymer: a block copolymer comprising
85% propene as a main block and an end block made with a 50-50
mixture of ethylene and propene. The polymer was examined as made
(PECI) but was also subjected to extraction with boiling heptane
giving two further samples, the heptane soluble (PECII) and insoluble
(PECIII) fractions.

2.2 NMR measurements

1H NMR measurements were made at two operating frequencies of 60MHz
and 200MHz using two separate spectrometers. The measurements at 60MHz
were made with a conventional high-power pulse spectrometer operating with
a low-resolution magnet. Provision was available for adjustment of the
r.f. field amplitude which, for spin-locking measurements, was generally 40
or 60kHz (= vy;, By/2n). Data acquisition was by means of a digital
signal averager. Samples were contained in 10mm o.d. flat-bottomed glass
tubes with the temperature controlled by a conventicnal gas-flow system,
settable to +5°C,

The 200MHz 'H measurements were made on a computer-controlled double-
resonance spectrometer, utilising the high-frequency channel. The
spectrometer is based around an Oxford Instruments wide-bore 4.7T high-
resolution magnet and is operated by a Nicolet 1180 computer system and

peripherals. The two frequency channels each allow for four pulses of
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separately adjustable r.f. phase at up to 1KW output power, the latter
being under computer control. Each channel has a broadband quadrature
receiver followed by a dual-channel, 4-pole Bessel-function filter of
variable bandwidth, The lH spectra were recorded using a digital fast
transient recorder operating at up to 20MHz with 8-bit resolution.
Normally a sweep width of 312.5 kHz was used (3.2us dwell). Samples were
contained in 5mm tubes placed in the horizontal solenoid coil of a Bruker Z
32HP probe. Generally, 90° pulse lengths of the order of lus were
employed with lower r.f. fields being used for long spin-locking pulses
(40-60kHz).

13¢ high-resolution spectra were measured using dipolar-decoupling
(60kHz decoupling fields) and magic-angle sample rotation (MAR) (6). The
13¢ signal was either obtained via cross-polarization from protons (7,8) or
by normal spin-lattice polarization. Some of the 13¢ spectra were
measured on the double-resonance system described above, (i.e. vgl3C =
50MHz) using Andrew-Beams style of rotors fabricated from Macor and Delrin
{polyoxymethylene). The latter formed the rotor base and, if sufficiently
far removed from the coil, gives little or no signal. Sample volumes were
approximately 0.3cm3. The probe is a Bruker CPMAR probe.

Other 13C spectra were obtained on a spectrometer operating at
90MHz /22,63 MHz based on an electromagnet. The probe system is a new
design based on the spinning system described elsewhere (9,10). It
employed cylindrical sample containers made of glass or Macor of 8mm o.d.
Only the sample plus coil is in the magnet and the probe is remotely tuned
and matched for both frequencies. Once the magic-angle is set it remains
constant even on changing samples,unlike the Andrew-Beams system used in
our Bruker probe where it is necessary to include some solid KBr in the
sample and observe the ’°Br resonance to allow adjustment of the angle on

each sample (11).
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The remotely-tuned probe on the 90/22.63 MHz spectrometer allows for
variation of the sample temperature whilst performing CPMAR experiments and

some results are given later using this facility.

3. General Considerations

Most solid polymers are structurally heterogeneous and the
semi-crystalline polyolefins are no exception to this. This heterogeneity
reveals itself in !H NMR studies of these materials in a number of ways.
Spectra may comprise a number of superimposed lines of differing width and
shape (12-15) and spin-lattice relaxation may be more complex than a simple
single exponential process. These 'H NMR properties are usually dominated
by the magnetic dipolar couplings between the protons which produce
spectral lfneshapes and relaxation behaviour characteristic of the spatial
distributions of the protons and their relative movements due to thermal
motions. Thus at a given temperature, crystalline and disordered regions
of a polymer will tend to give rise to broader and narrower resonances
respectively whilst spin lattice relaxation (T1 and T]p), which
depends on motional frequencies of the order of the proton precession

frequency in By (typically of order 107-108 Hz) and B, (typically 10*-10°

Hz) respectively for T] and T]p, can vary over a considerable range
of values. Generally, the rotating frame relaxation is much more '
efficient than the T] process in solids. All the above is complicated
by the fact that the proton diplolar coupling produces a spatial transport
of nuclear magnetization, called spin-diffusion, which couples together the
relaxation behaviour of different regions. Thus, as is shown below, a
single uniform T] behaviour may be observed when Tlpe and
spectra indicate heterogeneity.

Apart from the intrinsic value of these effects in the study of solid

polymers, which we shall give examples of below, they are important in

!
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the use of !3C high-resolution NMR since, often, the work done with this
nucleus involves cross-polarization, (CP), in which the !3C signal is
generated from the H spin system. Two typical double-resonance pulse
sequences used for 13¢ high-resolution NMR in solids are shown in Figure
1. The cross-polarization sequence (figure la) has the following
features. A 90x° pulse is applied on the lH channel and the
magnetization is spin-locked with a field Bly. The delay t; is
usually zero but is indicated here to suggest the possibility of using T,
as a means of selectively retaining only part of the proton magnetization
for subsequent use. A further delay, t,, allows discrimination or
selection by means of differing Iy T]p values before a contact pulse on
the !3¢C channel produces a '3C signal by polarization transfer from the
protons. It is clear that !3C signal can only be dervied from the proton
magnetization remaining after both the T, and T]p effects in times 1,
and t, have acted. A further delay, t3, allows for discrimination based
on *3C-'H dipolar coupling strengths (16).  Following CP the 3C signal
is recorded in the presence of the strong dipolar decoupling field.
Following this, when t3 = 0, a 90_x pulse flips any remaining Iy
magnetization back along By (17). The time TR is a period during
which the H system undergoes spin-lattice relaxation following which the
procedure is repeated, the 13C signals being accumulated in the
spectrometer computer. Figure 1b illustrates an alternative experiment in
which the 3¢ signal is generated via its own spin-lattice processes. In
this case the time T, is crucial in determining which 13¢ spins give
signals. Only those for which T](13C) TR will be detected.
These sequences are usually combined with magic angle sample rotation to
yield "1iquid-11ke" spectra (6).

With these general comments in mind we now discuss a number of

fnvestigations of polyolefines using these techniques.
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4. '°C spectra of polypropenes

4.1 Effects of conformation

The 13C spectrum of solid syndiotactic polypropene has been described
elsewhere (18). The interesting feature of this spectrum is a 1:1
splitting of the methylene carbon resonance of 8.7ppm. This was
interpreted in terms of the conformation of this molecule in the solid,
which X-ray diffraction had suggested to be a 4*2/1 helix in which there
are two distinct and equally probable sites for methylene groups: one on
the helix axis, the other on either side of this axis. Consideration of
shielding effects of y-substituents suggest a shift difference of ~8ppm
between the two sites which is close to the observed value. In addition
the higher frequency peak, assigned to the site on the outside of the
chain,shows additional broadening/splitting consistent with interchain
effects (see below).

4.2 Effects of crystal packing

The 13¢ spectra of samples PPI and PPII have been presented elsewhere
{19). The essential features of the spectra of these isotactic
polypropene samples are that PPI, the highly annealed material, shows
splittings of the methyl and methylene resonances in approximately a 2:1
ratio, the more intense peak being to high-frequency in each case. Close
examination of the methine resonance shows a shoulder in the same sense.
The quenched sample does not show these splittings, of order of 0.5-1.0ppm,
and the spectra indicate a shift of resonance intensity in the PPII
methylene and methyl regions to the frequencies characteristic of the lower
intensity signals in these regions in PPI. The interpretation given to
these observations was that the unit cell of « isotactic polypropene
contains paired left and right-handed 3:1 helices and that this generates

distinguishable sites for methyl, methine and methylene carbons in a
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2:1 ratio by virtue of inter-chain interactions. The effect of quenching,
on this basis, would seem to be an increase in resonance intensity at
frequencies characteristic of the more open environment associated with
interactions between chains in different pairs and hence the suggestion
that quenching traps a significant fraction of the chains in a non-paired
arrangement. X-ray diffraction still indicates the same basic structure so
these effects are on a very local scale.

4.3 Effects of decreasing temperature

Lyerla et al have reported that on decreasing the temperature of solid
isotactic polypropene the 3C NMR signal from the methyl group broadens due
to interference of the modulation of the 3C-lH dipolar coupling due to the
thermal motion of the methyl group with that due to the strong proton
decoupling (20). Figure 2 shows the temperature variation of the 3¢
spectrum of the annealed sample, PPI, obtained using the VT probe system
mentined in the experimental section. The spectra show similar behaviour
to that reported by Lyerla et al but, owing to the resolution of different
peaks in this sample, various other features are apparent. Firstly, the
methylene signal shows little change over the range of temperatures
covered,showing the maintenance of resolution with temperature variations.

Indeed, the Hartmann-Hahn matching and the general electronic properties
of the probe also remained unchanged. Secondly, it is clear that, as the
temperature is lowered from 300K, the larger of the two methyl resonances
is the first to broaden. This can be taken as supporting the assignment
of this splitting, given elsewhere (19) and mentioned above, to the
existence of paired helices of opposite handedness. The methyls within
the close-meshed pair of helices would be likely to experience more
hinderance to their motion than those on the outside, this leading to the

observed behaviour with temperature.
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4.4 Quantitative considerations

Observations of the 13C spectra of polybut-l-ene led us to determine
the proportion of the total carbon in the polypropene samples that was

being detected by the usual cross-polarization experiment. The probe

; ! system 909 pulse length was calibrated using adamantane and the efficiency
of the cross-polarization process checked using hexamethylbenzene. The
proportion of carbon was then determined by comparing known masses of PPI
and II with calibration samples of hexamethylbenzene. The results

. obtained indicated that for PPI and PPII approximately 80% and 70%

' respectively was being observed (21). The reason for this is apparent

when the !H relaxation properties are considered. For the CP process the

13¢ signal produced depends on the both the 1y T]p behaviour and the

Caung F

13c_1y4 cross-relaxation time (22). If the former is short then it may not

be possible to obtain thermal equilibrium between the two spin systems

before the proton bath is significantly heated by the snin-lattice process
‘% (T]p). In the case of many polymer samples y T]p behaviour is
multiexponential in character and, for PPI and PPII has a short-time
component which is of the order of 600-800us which, in turn, is associated
with a narrow (long T,) component in the 14 spectrum. These two factors
make it extremely unlikely that any significant cross-polarization arises
from that part of the proton magnetization, This largely accounts for the

deficit in the CP experiments mentioned above.

0 5. N relaxation and spectra

In this section we present a summary of results which have been
o . described in detail elsewhere (23). The proton spin-lattice relaxation in
each of PPI, PEIl, PPI, PPII and PBI at room temperature is described by a
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single characteristic relaxation time. The on-resonance rotating-frame

90)’

spin-lattice relaxation (T]p on the other hand, requires a minimum

of three exponential processes for its description in each case. Of
particular note is the fact that the long time behaviour of the T]p90
process is strongly dependent on the physical history of the samples.

Thus for PEI and PEIl the long-time component relaxation times are 60 and
190ms respectively, whilst for PPl and PPI1 they are 109 and 30ms
respectively.

Further measurements of the spin-lattice relaxation behaviour in the
off-resonance rotating frame, with the magnetization spin-locked at the
"magic angle" of 54.7° with respect t; the By (Z) axis, showed that the
relaxation became a lTot slower, whilst remaining three-component.

A number of possible explanations are possible for this overall
relaxation behaviour but the most likely is that the three relaxation
components relate to three physically distinct regions in the polymers in
which the protons have different NMR properties. This heterogeneity of
structure in semi-crystalline polymers is well-known (2,3) and the number
of spectral components used to fit experimental data has varied. For
example, Bergmann (13) and Smith et al (15) have used three components to
fit spectral lineshapes but Bergmann has more recently chosen to describe
the data in terms of a crystalline component plus an amorphous component
describable by a lineshape involving a distribution of correlation times
(24). Analysis of spectra in this way to yield information on
crystallinities etc. is quite successful but subject to a degree of
arbitrariness in choice of lineshape functions.

Spin-lattice relaxation, on the other hand, is subject to the
complication of spin-diffusion (23). This, as stated above, is a spatial
transport of magnetization via homonuclear dipolar couplings and leads to a

coupling of the spin-lattice relaxation of spatially separated regions.
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This can be invoked to explain why single T]'s are observed and
multiple Tlpgo's. In the first place, T]’ being dependent on
fluctuations at wg and 2wg (wp=yBg) is often considerably longer than
Tlpgo, which depends on low-frequency fluctuations, of order w; (=yB,).
In addition the spin-diffusion coefficient, Ds’ is proportional to the
secular dipolar interaction strength which, under on-resonance spin-locking
is scaled by 0.5. Thus T] gives a longer timescale for a faster
diffusion process to take effect.

The observations that Tlps"'70 was on a considerably

longer timescale than T]p90

indicated that even for Tlpg°,

spin-diffusion is causing a partial mixing of the intrinsic relaxation

properties. To illustrate this, as reported elsewhere (23), we have

simulated the relaxation behaviour for a three region system allowing for

spin-diffusion in one dimension. The equation governing this behaviour is
M6 = D{FM)/02] + R} fMI-M, 0

where o labels the magnetization component (e.g. z for T], etc.), q the

region {(q = 1,2 and 3) and j the relaxation process (1,10, etc.).

Mzeq = My otherwise M®d = 0, The spin-diffusion coefficients

and relaxation rates are different in each region (hence the label q) but

constant within each region (not a function of x). Numerical solutfons of

this equation using values for the sizes of crystalline lamellae etc. taken

from other sources demonstrated that the observed behaviour of T109°

could be explained on the basis of the model. In particular, it

demonstrated that the long-time Tlp90 components largely reflect the

time for magnetization to diffuse out of the crystalline regions into the

less ordered regions which, for these materials at the temperature used,

act as relaxation sinks.

g
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Other experiments involving partially relaxed proton spectra have been
carried out and, in particular, experiments using T‘p behaviour to
spatially label the sample have been reported (23). These involve, inter
alia, a preparation period in which the system is allowed to relax
(Tlpgo) until only the long-time component remains. This
magnetization is then placed along By, (z) to allow maximum spin-diffusion
and the progress of this mixing is examined via the spectrum obtained with
a 90° pulse. These experiments again confirm the overall behaviour and

heterogeneity discussed above.

6. Isotactic Polybut-1-ene

The 13C spectrum of PBI obtained using CPMAR is shown in Figure 3.
This spectrum shows splittings of the methylene resonances, probably |
arising from the details of the crystal structure as with the isotactic
polypropene. The lH T]p behaviour of this material (23) is again
three component with the longest component being of the order of 243ms and
the short-time component (T]p~'500us) being a much larger proportion of
the total signal than for the PE or PP samples. After heating to the melt
and cooling, the sample was examined by both the CP and SPE experiments to
record 13C spegtra at various times after the transformation to the 11:3
helix structure which this treatment brings about. Figure 4 jllustrates

the results. It should also be noted that the 'H T, immediately

Te
after the transformation is close to being a single exponential with

T1p~'400uS- This fact clearly explains why the CF experiment fails to .
give a good spectrum immediately following the transformation. On the
other hand, the SPE experiment also fails to give a well-resolved spectrum
and, since the H, T, is 250ms the 13¢ T,'s are unlikely to be ;

very long so this is perhaps unexpected. The 1ikely explanation s that
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the chains are executing substantial motions which give rise to large I
linewidth contributions arising possibly from the decoupler/thermal motion
interfence effect described earlier.

As the recovery of the material towards the 3:1 helix form proceeds
the CP and SPE experiments increasingly give improved quality spectra both
in terms of signal-to-noise and resolution. It is interesting that the
best spectra are obtained after some two weeks of annealing but that the
final spectra, taken after two months, seem to have lost resolution. This
is possibly because the material which recrystallises first gives better
crystals and that the eventual apparent decrease in resolution arises from

the slower conversion and crystallisation of less perfect chains.

7. Propene-ethylene co-polymers |

We have undertaken studies of a number of propene-ethylene co-polymers
and the results of one such investigation are given here. The samples were
as described in the experimental section. Figure 5 shows the Iy spectra
(normal and partially Tipgo relaxed) for PECII and III, the heptane
soluble and insoluble fractions respectively. These show that PECIII
behaves rather similarly to PPI and Il as described elsewhere (23).
PECII, however, shows the presence of a very sharp spectrum with a small
underlying broad compnent which is revealed in the partially relaxed . .
spectrum. Figure 6 illustrates the the '3C spectra for all three samples |
under different conditions. Figure 6(a) shows the standard CPMAR
experiment for PECI. It is essentially the spectrum of fsotactic : f

polypropene (19) although the methylene and methyl peaks seem more |

R

symmetric. Use of the delayed contact experiment produces changes in this
spectrum which are not presented here but which indicate a composite nature

of the spectrum. Figure 6(b) shows the spectra obtained by means '

bl Sl et s 4




1 of the CPMAR and SPE experiments on PECIII, the heptane insolubles. These .
exhibit some distinctive features. The methylene resonance in the CP
spectrum shows some signs of resolved splitting although the methyl still
s does not. The SPE experiment, with a recycle time of Isec, gives a
dominant, unsplit methyl resonance and smaller methine and methylenes.
This arises because the methyl groups in the crystalline portions of the
main polypropene block have sufficient motions to give 13¢ T1 values
) short enough to contribute significantly to the SPE experiment with this
recycle time. The smaller methine and methylene'gignals are probably
associated with more mobile fractions of the main polypropene block.

Figure 6(c) shows the CPMAR and SPE spectra for PECII, the heptane ¥

|

solubles. The CPMAR spectrum is essentially that of isotactic polypropene
. although there are no obvious resolved splittings and there may be
additional resonances in the methylene region. The SPE spectrum with a

recycle time of 1sec however shows quite a different pattern of lines.

. The relative intensities of the lines are varied by changing the recycle
period. For example the peak at the frequency corresponding to the
methine resonance in isotactic polypropene is lost when the recycle time {is

. reduced to 0.3sec. The detailed interpretation of these observations will
be dealt with elsewhere.
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Figure 1

Figure 2

Figure 3

Figure 4
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Figure Captions

Typical pulse sequences used in obtaining !3C NMR
spectra of solids. (a) A general double-resonance,
cross-polarization sequence; (b) the single-pulse
excitation sequence. The details of each sequence

are discussed in the text.

The variation with temperature of the !3C high-resolution

NMR spectrum of annealed isotactic polypropene (PPI). Each
spectrum is the result of 2000 FID's acquired with a 60kHz
decoupling field, 5ms contact time and 2s recycle time. The

spectrometer frequencies were 90MHz for lH and 22.633MHz for
130, Fow danly, ke methine ru»k—hs deen ownilted
e)‘%r(.' _Frm ke Seebb'um at 290K

The 3¢ high-resolution NMR spectrum of solid polybut-1-ene
(PBI) at 300K, 2000 FID's were added and were obtained with

a 60kHz decoupling field strength, Ims contact and 1s recycle

time. The spectrometer frequencies were as for Figure 2. The
assigrmends are: §:=-0 Ppme, Cly j =208 (doublob), CHL(W),' |
§=313, CH; $=38.3 (dowbtal) CHy (backbone).

The 13¢ NMR spectra of solid polybut-1-ene (PBII) as a function

of time following conversion from PBI by heating/cooling as '
described in the text. Single pulse excitation (SPE) ‘
experiments utilised a 6.25us 3¢ 90° pulse length and recycle

time of 2s. A1l experiments employed a proton decoupling field I
strength of 60kHz and the CP experiments used a recycle time

time of 1.2s. The spectra are identified as

(a) SPE, immediately after conversion; (b) CP, Tc = 0,6ms, ‘
t =4 hrs; (c) CP, Tc = 0.6ms, t = 8 hrs; (d) SPE, t = 12 \ '

hrs; (e) CP, T, = 0.6ms, t =16 hrs; (f) SPE, t = 17 days;




e,

Figure 5

Figure 6
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(g) CP, To=3.5ms, t=17 days; (h) CP, T. = 3.5ms,
t = 50 days; (i) SPE, t = 50 days.

14 NMR spectra of (a) PECII and (b) PECIII, the heptane
soluble and insoluble fractions of the propene/ethylene
copolymer PECI. The spectra were recorded at volH =

200MHz following spin-Tocking {lw;/2n) = 40kHz§ for a time

T as indicated. Typically, 400 FID's were accumulated with
a recycle time of 35 and a solid echo was used to measure the

signal after the end of the spin-lock.

(a) The CPMAR '3C high-resolution NMR spectrum of PECI.

4000 FID's were accumulated using a contact time of Ims, a
recycle time of 1s and a 60kHz decoupling field strength,

(b) The !3C spectra of PECIII obtained using SPE (lower trace)
and CP (upper trace). The recycle time for both experiments
was 1s with other conditions as for (a).

(c) As for (b) except the sample is PECII, the heptane soluble
fraction of PECI.
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Deuteron n.m.r. in relation to the glass transition in polymers.

E. Rossler, H. Sillescu, H.W. Spiess?, and R. Wallwitz
Institut fiir Physikalische Chemie der Universitdt Mainz, Jakob-Welder-Weq 15,

D-6500 Mainz, W-Germany

5). HZNI.'\ E\
; Summary

‘2H~n.m.;f‘is introduced as a tool for investigating slow molecular motion

in the glass transition region of amorphous polymers. In particular, we |
-2

compare _H spin alignment echo spectra of chain deuterated polystyrene

1 with model calculations for restricted rotational Brownian motion. Molecular

{ motion in the polystyrene-toluene system has been investigated by analysing
fa "

'2H n.m.r. of partially deuterated polystyrene and tcluene, respectively.
The diluent mobility in the mixed glass has been decomposed into “solid"
and "liquid" components where the respective average correlation times differ
by more than 5 decades.--
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INTRODUCTION

Previous n.m.r. investigations of the glass transition in polymers1 have
provided information on relatively rapid motions with correlation times

below az10'4 s at temperatures well above the static glass transition J
temperature Tg. Recent advances of 2H n.m.r. have extended the dynamical
range to slower motions, and in addition, they yield specific information

2-6 10 two

uoon the type of the molecular reorientation processes involved.
component glasses, there is the further opportunity of investigating se- i
parately the molecular dynamics of both components by appliying selective
deuteration. Atactic polystyrene has for decades played the role of a

“typical example" for the glass transition in amorphous polymers. Thus, we

are also studying 2H n.m.r. in polystyrene samples deuterated at the chain
(PS-d3) and at the phenyl rings (PS-ds), respective]y§ PS and toluene (TOL)

form a mixed glass over the whole concentration range which has already been

investigated7 by 1H n.m.r., dielectric relaxation, and thermal methods

(DSC, DTA). It is apparent from this work that the TOL molecules are highly
mobile at temperatures well below Tg of the mixture. A 2H n.m.r. study where
either toluene (TOL-d3, TOL-ds) or polystyrene (PS-d3, PS-d5) are deuterated -

should provide many details of the motion in the glass transition region. ] '

In the following sections we first give an introduction into the relation

of 2H n.m.r. observables with molecular reorientation, for details we refer .
2 Furthermore, we attempt to show the extent of new in- ‘
2

to a recent review.

formation that can be gained from “H n.m.r. w1th respect to the glass

transitidn tak1ng HS as;zétyiii ffixéigle, and we give some details of the

. ~..-_-A

oolystyrene -toluene system 6.8 .
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Hn.m.r.

In a rigid solid , the coupling of the deuteron quadrupole moment with the
axially symmetric field gradient of a C - 2H bond gives rise to a splitting

2 wy of the 2H Larmor frequency where

2
wg = égﬁ_gﬂ (3 cos? o - 1) (1)

and 8 is the angle of the C - H bond with respect to the external magnetic
field. The weighted superposition of these doublets due to the random
orientations in the glass yields the characteristic Pake line shape of the

2 2

2H spectrum having a width of ~ 250 kHz for C - “H bonds.” Reorientation

of the C - H bond can be described by a stochastic process

n(t) = cos 8(t) (2)
which can be modelled by assuming rate equationsg
4 p(a./e.,t) = £ P(R:/Q,,t)m, (3)
dt i’y " LR S 'S
where the P(Qi/nj,t) are conditional probabilities and the i3 are rates
of the transitions Q; - Qj . The latter can be chosen in accordance with

particular assumptions upon the reorientation process. It can be shown9

that the line shape of the n.m.r. spectrum is given by the Fourier transform

of the free induction decay (FID) which can be expressed as
- ;o . >

where the average can be evaluated by solving a rate equation similar to

- equation (3) containing the same transition rates "5 of the model for

. reorientation. Equation (4) applies in the whole "slow motion" region from

the_rigid Pake spectrum to the raoid motion limit. Detectable line shape

2

changes of “H spectra occur in a correlation time range of ~ 1 - 20 us.

This time scale can be extended to ~ 200 us by investigating the solid
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echo spectrum which can be formulated4 as the Fourier transform of

21'1 ti
| s = I’ dtl - 1 1 LI [} |}> .
‘ 1 Tl) <8XD {1 W i : wQ(t )dt 2.1;1 wo(t )dt

3 is the distance between the two pulses of the solid echo sequence and

ti is the time starting from the echo maximum at 211 (see Fig. 1).

Equation (5) can be evaluated4 from the same rate equation that is used for
solving equation (4). As a matter of fact, S1 and So become equal in the

rigid solid limit since the contributions of the first two integrals of |
equation (5) cancel in this case. However, for correlation times 5T
no cancellation occurs, and S1 may differ considerab]y4 from So' The

dynamical range of the solid echo technique is limited by the transverse

! relaxation time T2 since no solid echo is detectable for T > T2. In most

solid polymers T2 ~ 200 - 500 us for 2H spectra. It should be noted that

T2 is related with the reciorocal homogeneous width that would be seen in
a single crystal, c.f. equation (1). Ultra slow motions with correlation times
up to ~ 1 s can be investigated by application of the Jeener-Broekaert pulse

sequence (Fig. 1) that yields a spin alignment echo after the 3rd pu]se.3

Alignment echo spectra are obtained as the Fourier transform of3’5

Sz(té,‘rl,'rz) = <S'in[w0(0)rl] sin [mQ(rz)(Tl + té)]>
- 3 (eos {wQ(o)té + [uglo) - ug(t5)] 3> - {Fro) (6)

\ The term5 <FID> is of minor importance in the context of the present

paper. It is assumed that the mixing period Ty is much longer than the

evolution and detech:on perlods, respectively, and. that Q changgs on1y on

the time scale of TZ Thus, Ty >> Tl,té and only the constant or1entat10ns

2(o) and 9(12) enter in equation (6) where products of the form th have

| : replaced the integrals étwq(t')dt' of equations (4) and (5). In the rigid ,
3 b

of ,

solid limit, the alignmenf echo Sz(té,rl.rz) is a trivial superposition
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a solid echo and the term (FID) . Molecular motion is seen through the
difference
Bup = wn(0) = walt,) = (9 e2Qq/5h (cos® & - cos® 9)  (7)
Q" "0 072 q 0
It is remarkab]e that reorientation by small sten rotational Brownian

motion causes dramatic changes in the alignmentecho spectrum provided T,

is of the order of the time T between 2 angular steps and Awqu,v m.

Since Tg is much smaller than the rotational correlation time Te the
alignment echo method provides an unique ooportunity for distinguishing
random small angular step reorientation from large angular jump motion
where Tg and T, are of the same order of magnitude. It should be noted
that the average <> of equation (6) can be evaluated from nunierical
solutions of equation (3) where small step rotational Brownian motion is

described by a finite approximation of the diffusion equation.

BULK POLYSTYRENE

OQur extensive study of partially deuterated PS-d3 and PS-d5 has already

provided a wealth of information upon molecular motions above and below T

i g
part of which has been summarized in previous reviews.z’10 In this section,

we whish to concentrate on the nature of chain motion in the glass transi-
tion region where new aspects have evolved from an analysis of alignment echo

spectra. The model calculations shown in Fig. 2 confirm the large changes at

times Ty << T, where the C - 2H bonds can only reorient within a small

angular range of a few degrees. Furthermore, they reveal a surprising

-1
N PR PE— 1'

Of course, the assumption of constant (o) during the evolution period 1)

~ periodicity for Ty > 1, with a peak to peak distance propgrtional to ¢

is critical for the appearance of this spectrum. On the other hand, the
~ periodicity can be suppressed by restricting the rotational Brownian motion

to a limited angular range. Thus, the alignment echo spectrum for rapid

§
!
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| restricted diffusion within ¥ 6° (r2 > 5 1) is similar to that of un-

i restricted diffusion for T, = 0.005 e where the angular range is "re-
stricted" by the time window T, of the expefiment. The experimental spectra
of Fig. 3 show the typical behaviour of small angle reorientation where

at 380 K the angular range of about ¥ 10° is attained at t, = 40 ms.

2
The absence of periodicities for longer T, values rules out unrestricted

I rotational diffusion. Furthermore, the integral of the theoretical un-

' restricted diffusion spectra essentialiy vanishes at rz/rc > 0.1 since

the positive and negative contributions to the spectrum almost cancel. The

cor}esponding experimental intensities decay much slower for long T, values

though fhey do not become constant as predicted from the model of restricted

|

1

i .
t rotational diffusion. The decay of the alignment echo is not yet fully clari-

|

|

fied, however, we suggest tentatively that only a fraction of the C - H bonds

can fully reorient, most likely through conformational changes,on a time

scale of ~ 1 s and this fraction decreases rapidly below Tg. At higher

temperatures T > 400 K, we know from the 2H ¢c.w. absorption spectraz’10

that full reorientation of the C - H bonds occurs by essentially a single
process where any "distribution of correlation times" must be restricted

to less than one decade. Now, it turns out that the correlation times de-

termired from the slow motion line shapes are at least an order of magnitude ‘

larger than those obtained from spin lattice relaxation times T1 in this

temperature range.G'8

Apparently, the latter are determined by the fast re-

stricted rotational diffusion discussed above. Thus, we conclude that chain '

; s ‘.<'T2£lgnglgrshesglass trans1t10n region can be described by a rapid rotational
i d1ffusion prdcess wh1ch is restricted by an angular range of approximately
?10° at Tg and decreases at lower temperatures. Full reorientation of the

2H n.m.r.

C - H bonds occurs by a slower process. It should be noted that
is presently the only experimental method for detecting the reorientation
i of a single bond vector in the glass transition region. Photon correlation }

spectra as well as dielectric and mechanical relaxation are related with

-v

[
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fluctuations or larger volume elements where the cooperativity caused
by free volume redistributions may be the reason for finding broad

distributions of correlation times.m'12

THE POLYSTYRENE-TOLUENE SYSTEM

It is well knownl3

that the glass transition Tg of a polymer can be
considerably reduced by adding relatively small amounts of a low molecular
weight diluent. If phase separation occurs due to thermodynamical instabi-
1ity, no further reduction of Tg below the demixing temperature is possible.
However, polystyrene and toluene remain miscible over the whole concentra-

tion range down to the glass transition of to]uene.7 Our 2

H n.m.r. study
of this system has provided information upon molecular motion that may be

typical for any glassy mixture of a polymer and a small molecule diluent.

In bulk PS-dS, we have discovered that about 20% of the phenyl groups per-
form 180o jumps around their axis to the backbone even at temperatures

well below Tg.2

By adding toluene, the glass transition can be reduced to
low temperatures. We find that the fraction of flipping phenyl groups becomes
smaller and more difficult to detect for diluent concentrations where the
solid glass regime is shifted to lower temperatures. There is no indication
of large amplitude phenyl group libration as was concluded from 1H wide line
n.m.r. by Adachi et a1.7’14 Thus, we could use PS-d5 for investigating the
chain motion in the PS-TOL system. In Fig. 4, we have shown the T2 values

of PS-ds determined by measuring the echo height as a function of the di-
stance T, between the two pulses of the solid echo sequence. The plot of

Tog T2 versus 1/T is linear at temperatures above the glass transition, and
it ¢hanges to an almost constaﬁt value at a temperature Tg,P close to the

static Tg as determined from other experimental methods.7 cf. Fig. 7. In

the toluene rich region, T, decreases as the temperature is lowered below

P sy E e A e
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Tg p* attains a minimum, and increases again to the rigid solid value.
; Thus a second temperature T; p can be estimated as is shown in Fig. 4
for a solution of 35.1% PS-d5 in TOL-dO. Apparently, there is a temperature

range between T and Té,P where the chains are not fully immobilized

g,P
due to the abundance of highly mobile solvent molecules (see below). The '

‘ i solid echo line shapes of PS-d5 will be discussed in a later pub]ication.6

t ] The diluent mobility has been investigated by using TOL-d3 or TOL-ds. No
| substantial differences between these toluenes was found for the overall '
TOL motion. However, the rapid methyl group rotation in TOL-d3 persists
even at the lowest temperatures of our experiments thus reducing the widths i
of all 2H spectra to one third of the corresponding TOL-d5 values. On cooling
l a TOL-d3 (or TOL-ds) solution of PS below the temperature Tg,SE shown in
l Figs. 6 and 7, a solid echo can be detected on top of the "liquid" FID. If
this signal is Fourier transformed with respect to ti starting at t = 2 7
(cf. Fig. 1) we obtain a spectrum as shown in Fig. 5a. The central portion
originates from part of the "liquid" FID that starts at t = 0. It should
be noted that the second 90° pulse of the solid echo sequence has no in-
fluence upon the FID of a liquid since it is shifted in pase by 90° with N
respect to the first pulse. In Fig. 5b, 9 has been increased to a value
where the FID has decayed to zero (2 T > TZ,FID)' The solid echo spectrum ‘

of Fig. 5b has essentially the rigid limit Pake line shape. Thus, the ro-

¢
tational correlation time of the TOL-d4 molecules that give rise to this '
spectrum must be larger than ~ 100 us Since we can detect a spin a11gnment
: S
C e - -echo after ~ 50 ms, the orrelation tﬁnes"a

vr‘"'l—-.

scale. On the other hand the TOL d3 mo]ecules contr1but1ng to the "1iquid"

AN
-

FID have correlation times below ~1 us. Though this corresponds to re-

orientation in a rather viscous liquid the correlation time difference of f N

TN TSN i e,

more than 5 decades provides sufficient evidence for qualitatively different




T v e e L (A L

Coweet

-

behaviour. We have tried to estimate the intensities of the "liquid"

and "solid" contributions by extrapolating the FID to t - 0 and the
amplitude of the solid echo to T > 0. Since the solid echo amplitude
become non-exponential at short times6 this estimate is admittedly crude.
We should also emphasize that the decomposition implies no statement upon
possible correlation time distributions within the "solid" and “liquid"
components. Nevertheless, it allows for some important conclusions upon
diluent motion in the mixed glass. The TOL solid echo becomes observable

above T at temperatures where PS-d5 also gives rise to a solid echo

g,P
(cf. Fig. 4). Thus, the mobility of the "rigid" TOL molecules is linked

to that of the PS chains at T < Tg,SE' There are even indications that

it is slower as will be discussed in ref. 6. On lowering the temperature
below Tg,P’ increasing amounts of TOL "freeze“.towards the chains until
the whole mixture becomes a solid glass at Tg,FID' It is apparent from
Fig. 6 that the intensities of the "sb]id" and "liquid" components add to
an approximately constant total intensity. The latter has been scaled in
Fig. 6 by an arbitrary factor appropriate for preseéntation of the data

in one figure, and by the Boltzmann factor determining the trivial tempe-
rature dependence of the snin populations. Thus, the intensities given in
Fig. 6 are a measure of the "solid" and "liquid" fractions in the tempera-
ture region Tg,FID <7 K Tg,SE' This region becomes very broad for large

PS concentrations. Furthermore, the solid echo line shapes of the "solid"

TOL fractlon become mot1onallx_ngrrowed for PS concentrations above ~ 80%
- '*'.arﬁ“«-:‘- ﬁ,:-w;s__‘_
1nd1cat1ng the abundance of "free volume" between the rigid PS chains. 6

It is clearly visible in Fig. 7 that the static glass transition Tg (dotted

line) is close to Tg p in the PS rich regime indicating that the solid glass
behaviour is governed by the polymer. On the other hand, the TOL glass transi-

tion takes over in the TOL rich regime with less than ~ 50% PS. Here, the

oy B A e B
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cules exists at temperatures below the "static" glass transition temperature
Tg as determined by dielectric relaxation or thermal methods.7 Tg is close
¢
to Tg,SE in PS rich systems and close to Tg,FID in systems with PS concen-

NS

-10 -
static Tg is close to Tg,p and Tg FID® and some chain mobility persists in
. , 6
the temperature region Tg,P 2 T2 Tg pr The temperatures Tg p and Tg P

converge at very high TOL concentrations where the TOL glass transition
could be determined from T2 measurements in TOL-d3 having a similar tem-

perature dependence as shown in Fig. 4 for PS-ds.6

Finally, we wish to note that different diluent mobilities in PS have also

‘been found for the "dual mode sorption" of ammonia as investigated by

1H n.m.r.15 and for di-n-alkyl-phthalates where dielectric relaxation data

were interpreted in terms of three different a processes.16

CONCLUSIONS

We conclude from a comparison of 2H spin alignment echo spectra with model
calculations that chain motion in the glass transition region of PS can be
described by a relatively rapid rotational diffusion process which ‘s re-
stricted to an angular range of approximately * 10° close to Tg. Full re-
orientation by a slower process tends to become motionally heterogeneous as

the glass transition is approached from above.

ZH n.m.r. spectra of deuterated toluene in the PS-TOL glass can be inter-

preted in terms of a two comnonent decomposition. The motion of the "solid"
component is linked to that of the PS chains at temperatures below a
temperature Tg,SE where a solid echo becomes observable. On lowering the
temperature, the fraction of "solid" TOL increases until the whole mixture
becomes a solid glass 1t a temperature Tg FID* There is.a. range .

TE&¢T §E w“ere a "liquid" fraction of highly mobile TOL mole-

R R
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trations below 50% (see Fig. 7). In the TOL rich regime we can determine

g
and a "solid" TOL fraction is observable.

a temperature Tg p> T_ where the chain motion becomes highly restricted
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Figure Captions

Figure 1. Notation for the solid echo, and the generalized Jeener-Broekaert \
3 pulse sequence. ey, ¢x’ and ¢ are the flip angles of the respective h.f.

pulses.

Figure 2. Theoretical 2H alignment echo spectra for the model of rotational
Brownian motion.

First row: unrestricted diffusion for different ratios of the pulse
distance T, (Fig. 1) over the rotational correlation time L

Second row: rapid motion limit (12/1c > 5) for diffusion restricted to

the angular ranges shown in the figure.

Figure 3. Experimental 2H alignment echo spectra of chain deuterated
polystyrene above Tg.
Figure 4. Spin relaxation times T2 of PS-d5 in PS-TOL mixed glasses.

Numbers in the figure denote wt.% PS-dS. The arrows indicate glass transition

temperatures Tg,P and Té,P {see text).

Figure 5. 2H solid echo (a,b) and alignment echo (c) spectra of TOL-d3 in a !

mixed glass with 28.7 % PS. .

Figure 6. 2H intensities (I in arbitrary units, see text) of TOL-d3 (tri-
angles) and TOL-d5 (circles, squares) in mixed glass with PS. Numbers fn- .

the figure denote wt.% PS. Open and full symbols denote "liquid" and

Mt w A w e

"solid" components, respectively (see text). ’
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transition temperatures in the PS-TOL system.

Abscissa: wt.% PS. Full line, open symbols: Tg FID® Full and dashed lines,

full circles: Tg

p and Té p (see text). Full squares (PS-d3) and tri-

angles (PS-dS): Tg SE.Dotted line: T_ as determined by dielectric re-

9

laxation and thermal methods (ref. 7).
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Theory of Nuclear Magnetic Relaxation

Short Abstract

AN

N A theory of nuclear magnetic interaction is based on the
study of the stochastic rotation operator. The theory is applied
explicitly to relaxation by anisotropic chemical shift and to spin-
rotational interactions. It is applicable also to dipole-dipole and

quadrupole interactions.

Keywords
PACS
02.50 + s stochastic processes
05.40 + j Brownian motion
33.25 - nuclear magnetic resonance and relaxation
33.25 Bn N M relaxation phenomena
33.25 Dq chemical shifts

Abbreviated Title

N M Relaxation Theory
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Theory of Nuclear Magnetic Relaxation

James McConnell

Dublin Institute for Advanced Studies
Dublin 4, Ireland

A theory of nuclear magnetic relaxation centred around the
rotation operator is proposed. The theory is applicable in principle
to molecules of arbitrary shape, and account is taken of the effects
of their inertia. Calculation of relaxation times associated with

anisotropic chemical shift and spin-rotational interactions provides
illustrations of how the theory may be employed.

Pengany, o vt
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1. INTRODUCTION

The theory of nuclear magnetic relaxation associated with random
thermal motion has been presented by Abragam 1 and by Hubbard 2. In
the present investigation a theory is proposed in which the rotation
operator plays a central and explicit part. This is facilitated by
employing results for the rotational Brownian motion of a rigid body
of arbitrary shape, that were derived by calculations in which the
effects on the inertia of the body are included 3.

In the next section the stochastic rotation operator will be
defined, and an outline will be given of the way in which the operator
and its ensemble average are calculated. In section 3 it will be shown
how relaxation times can be deduced from spectral densities associated
with the rotation operator. This will be illustrated in section 4 by
applications to relaxation by anisotropic chemical shift and by spin-

rotational interactions.

o~
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2. THE STOCHASTIC ROTATION OPERATOR

C b oﬁ The concept of rotation operator may be introduced by taking
4 a set of rectangular coordinate axes Oz, 07,02, and a function
" ope ,{(1,\},2) of the coordinates (‘z,\a,z) of a fixed point P .
,EJ- ‘% Let us now rotate the coordinate axes about the origin to OX',Oy',Oz’
and consider the same function { of the new coordinates (7(’,;’,2')
of P . We write

fige- Rptsa

and we say that R is the rotation operator associated with the

rotation of axes and with the function . VWhen »{ has more

than one component, eq. (1) is to be interpreted as

Cp gf,"a;rm" ,é‘:(lf,?',z') "% Ri&é(x)y,z). (2) F

It is helpful to introduce infinitesimal generators of

CP Ty rotation Jx. s J‘a , Jz by
Je ity -23), 1o -iledowm) s i -y )
x"L('ﬁfoz_"z’bty » Jy* L " X2/l Uy "Y o/
gr. “b” If we rotate Ox , OV ,Dz through an angle about an axis
. o . A X 4
e et specified by the unit vector ;.e_, , it is easily proved " that
R’up[‘£>((g'£)]- (3)
I‘"‘vf- - *  If a rigid body is rotating with angular velocity w(t) aboutg , ‘
it follows from (3) that ‘

‘ 4—[{&%—) =—(;(l'l;‘,’[“) p(t), (4) .
(""h‘.“‘)m“/*fm |

e ety The rotation of the coordinate axes may be achieved by

“ e el ke rotating about the Z-axis through an angle Z' , then about the
s

-axis through an angle and lastly about the 2 -axis

through an angle o(' r. We see from (3) that R is now given by

’ R - e—id"]z e—‘:F, ? .e"‘:r.‘J’ (5) : '

- e -
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If for this rotation we apply (2) to the set of spherical harmonics

B ‘P) where

X= ‘rs«Baxsgb Y = *%9&%& z= 4esh),

then it is usual to wrlte (2) as

V649 3 DcppVing, o

m'= J h'm
) M’m are Wigner functions. Equation (6) shows that
J
m'm

is the M’ M -element of the matrix representative ofR
in the representation with basis elements Y. . Y

Y

JJ

D)' (d’/)” ‘r') . R J , (7)

We apply these 1deas to a molecule that is undergoing steady

H
4
-

where

- >
that is to say, J

Le. G ‘omege” state Brownian motion. Then the angular velocity 59(5) in (4)

( frtd Yoca)

(‘:.p\.e"c..

ﬂ«zgv,"owiqan

J (nafibetfoce)

>

is a random variable, and so also is the solution of this equation.

We refer to R [(;) as the stochastic rotation operator. To

obtain information about & we take axes fixed in the molecule

with origin at the centre of mass and in the directions of the

principal axes of inertia. We assume that the components of f‘..-)

referred to the molecular coordinate system obey the Euler-Langevin ~

equations

I i{.“f_ - (I - L) W, Wy = ‘],BCJ,(CHI, A,((I),e(z,,(m :

where I: , Iz , 1 are the principal moments of inertia,
A), w, |, Wy are the components of angular velocu:y,I A 1 A 1 A
the components of the driving couple and g

I,'B,‘J, ;Ip/;wz ‘I:‘B;k,:the components of the frictional couple 1}33
resisting the motion.” From (8) we may deduce the value of the time- 2

correlation function of two components of angular velocity, which
will be useful for subsequent calculations. 4 ’
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In order to solve (4) we employ a method of solution of
nonlinear differential equaitons that goes back to Krylov and
Bogoliubov 7. It is assumed that the solution R{C) consists of
a slowly varying ensemble average <R{t)> , about which there are

random fluctuations, and the solution is expressed as

Rip- (T+eFer + F s )<Rwed,

where I is the identity operator and ¢ is a small dimen-
sionless parameter. R(C’ describes the rotation of the molecule
frém its orientation at time zero. The ensemble average <R/5)>

is nonstochastic and it is supposed to satisfy some equation

d<f é5)> ( 57,((”6) + i‘.y.(;'c) + 215211(15)4.,.)<Rm‘)‘10)

By using the knowledge that we have obtained from (8) we can often
deduce from (4), (9) and (10) the values of ¢ F ), ?Z—) .
2‘52’ (f) i_S-LIf) - for substitution into (9) and (10) Wé
may then be able to solve (10) for <R{t)> Analytical
solutions have in fact been found for a molecule that is spherical
or linear or a symmetric top or even an asymmetric top 3.
most NMR problems the value of <R[t)> is all that we need. If

we do need the value of 72/6), we can obtain it from (9).

For
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A 3. BASIC THEORY OF NUCLEAR MAGNETIC RELAXATION

To study nuclear magnetic relaxation we take a set of
cartesian axes fixed with respect to the laboratory. A constant

L TR strong magnetic field acts in the Z -direction. If
Gp' o [ otd face) S7OE m28 H, _ o H
? " . interacts with a nucleus of spin I and gyromagnetic ratio s
< (. R RNMAG ~ ) "
9 the field produces a Hamiltonian -~ rt Ho 12 , denoted also Cpax (nel
- “ P by i’, y , with non-degenerate energy levels. We now use the L {)
Aot Gp K o
t normalized ei.genfunct:icms1 of tlﬂ" as a basis to express matrix 4
relati Yo .
elements of operators. AAsmaYlel ypex-tur-bing Hamiltonian ﬁ G(C‘) (cp se
like that arising from dipole-dipole, quadrupole, chemical shift
or spin-rotational interactions causes a relaxation process, and
' the results are usually expressed in terms of longitudinal and
transverse relaxation times —’: and T1_ , 7: referring to the
Z -direction. For any particular interaction one has two problems:

a. to express T, and T_;_ in terms of spectral densities,

' b. to calculate the spectral densities.
1L oe” The most direct \éay of handling a. is to employ a general
, method due to Redfield ~. If Md' with = x,4 2 is a
component of magnetic moment per unit volume due to the inter-
) ( . 4r. "o’ action and fﬂﬂ' denotes an element of the density matrix,
Mﬁ‘wﬂ»ohw then '
Lo grLeti”
ol “&“:'/\«n&l
LE27 Rt M)
’ dE S 25 an -
N o . old! ’f ) 4
Sty UL e fraie “,/‘/3, app AP Lol 2 |
where : .

-.- ) o= (w,°¢0,)+J (w-w) :
1 (‘W' M ’R“"'ﬂ/g' J‘ﬁ"’/" -7 ap P (12)
[ e G 2l 083, o) :
1l { 3 * Jof |

; ‘Za'ﬂ/qgw) T2 L(Coww) Gﬁp{t)>f dt’ (13)




“M JJR»W The J (w) is a spectral density referred to in a. and b.
o G‘AMP(’ is an abbreviation of (| G{t) ,o(’) , where '09)10(/)
are eigenfunctions of £ # . The energy of the state o)
is B Wa . On substituting (12) and (13) into (11) we may

obtain an equation

Lo 0" lunbda” d<M"> 1 <M. (14)

From this would follow

/ 1 (15)
/12 _—f-‘ = 2’2 > 7; - 11- -7’;—

To see how the spectral densities are to be calculated NG

we shall first of all take a special form of G(t), namely,

Z—z Y Gle) - Z (-)? E,,(t)Ag, , (16)

Ete) F e F1e) ) -2
) * where E_(U), Elt), E(%—) ) F;{t) , E[t) transform under

rotations like the spherical harmonics
G ey

G YZ)_Z(bm,cfm) ,K,_,/Hlt),4)(¢)})Yw(9/t),¢lw),Yz, /9#) Wt/) Y/g,,) be)
e

A . This will permit the application of (6) and (7) to
Leow M f It
have from (16)

S G () 2 ) E?/t)(a( | A, 147 e
Ge go-3
* 3 ¢ AF
C/glg'/b) ’iZ.’_(')y E;!t) (F )Ag’,ﬁ )
2 O Eielp | A lp),

where A is the adjoint of the operator Ai . We deduce that

/o)C (t)> E( )‘yﬁ<’:/o)]: /t)>(o”A (o )(/!’A '/9) (17)

9’)7 -2

e, Waele i 4
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The angular brackets denote here an average over the random
variables, that is to say, the angular velocity components,together
with an average over the initial orientations of the molecule. A

study of the transformation properties of spherical harmonics shows

that 7
2
1% o~/ CONY fore,
<F(°)F (t)> {? z <'th)>"('m}:;\ Fﬂt' > #henls £.c
’N,h’: -2 ) U fores
where E;l = E(O) , a constant, and <th/> is the ensemble

average of the rotation operator for the molecule in question. We

see that we may write

5 < E//o) F¥{t)> e~ Lt - Jiw),
‘_w .$

independent of 9 and, from (13) and (17), that

IOR éJwi (a1 AN 1RSI ), s

dd'p’

Ji) - % 2 f<?(’f’> St (19)

n,n'="

where

We know E; from the nature of the perturbing hamlltonlan
that gives rise to the interaction and we know < ku.,) from the
investigation of the rotational Brownian motion of the molecule. ~
Hence we can in principle calculate Jtw) from (19) and
consequently the relaxation times from (11), (12),(13),(15) and ‘

(18). Moreover, since the integral in (19) is independent of the

interaction Hamiltonian #: (:157 , results for relaxation times
can easily be taken over from one interaction satisfying (16) to

4
another by replacing the values of E; in (19).

.
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4. CALCULATION OF RELAXATION TIMES

As applications of the Redfield theory we shall
investigate two types of interaction that cause nuclear magnetic
\ relaxation. The first is anisotropic chemical shift, which is
an example of an interaction satisfying (16). The other is spin-
rotational interaction, which does not obey (16).

For anisotropic chemical shift it may be shown thatlo’ll

A= 24,1, 2 U1 A2 HL
A -O (20)

Cp o I -1, =],

and that
I.r-y,“m.. ./_ L / / - 9 S
L et ii B 2-}/ é:’ ? F:;/ = C) > F;;l E%% éiZ’ > ( 1)(0 3 o ;
“ - ¢ "ed
‘7‘ta where the non-vanishing elements of the diagonalized anisotropic
chemical shift tensor are
S =D&, -1l14])E,
J_ Hence, from (18),
T ek Tt (I8 ‘
A ), d,(wdf Wi g . (0 =) --/d'A ‘F /’/Aq/“f)
¢ be. and J.(‘O) is given by (19) w1th the values of F;' taken from

(21). Since

adocb L, o (M- )’f V<L,

i where hJ is the number per unit volume of nuclei taking part in the

relaxation process, we may obtain the relaxation times by applying %
(11), (14) and (15) to 114_ . Employing (20) we find after an :

elementary calculation that

10 g
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(22)

To complete the calculations we must obtain an express-
ion for ];S{Lo) from (19) and (21). What was equivalently the
same thing was done by Abragam but only for a spherical molecule
and with inertial effects neglected 12. The explicit use of the
rotation operator has allowed us to include the inertial effects
and to extend the discussion to a linear molecule and to a
symmetric top molecule 10. We shall put down the result only for
the latter case taking the nucleus to be at the centre and the axis

of symmetry as the third coordinate axis in (8), so that ], = .I

B, - B, )
AN ’{D ( @+2) ’+”D AD}
Jcs""%?a Xz{ 36D 4w ; (D+ZD 4wt

where

A7 4T
7),_1—3' ’?3" 1,3, (23)

3

The relaxation times follow from (22).

We see from (16), (18) and (19) that, when the interact-
ion Hamiltonian can be expanded as a linear combination of elements
of a five-dimensional spherical tensor, we require only <‘R/t£>for
the molecule in order to calculate the spectral density(](k)) and
consequently the relaxation times. This procedure fails in the

study of nuclear magnetic relaxation by spin-rotational interactions.

) £C-%(1-C )

where 1_ is the spin operator of the nucleus that interests us,

is the three-dimensional spin-rotational tensor and it-] is

the angular momentum operator of the molecule that contains the

AV
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nucleus. Since the number of independent elements of Q is not
five, the G of (24) cannot be expanded as in (16).
A general theory of nuclear magnetic relaxation by spin-
rotational interactions has been based on the stochastic rotation
- M&u(“?)‘? operator 13. The angular momentum f:} is replaced by its
PN classical value (1 w,, .L, 2 713‘03)* We have found that the

<. ‘:,7_{ *  Redfield method yields relaxation times Tsr 7;” given by
. "'c‘" b
e e / _J__ |
M% o, of Ts,‘. = Q ]s“_(WQ) , Tsf = J;_T/D) +(J;¢('w‘,)) (25) J
. Imh)-“ f 1 “
where
) o Js#“’” = Ji { cliw) + C(-c’w)} (26)
A

<
¢

ccs) = %zi z -k ﬂ—,IJ,” <‘R/t)wlf)wro7ﬂ)(z7)

: L MY et
" TPV . (
LAy M -
W - (w-*‘ 2p

/@ov = Cw » g’ia‘,v -4 J2

and M ,-m denotes matrix representation with respect to the basis

| (‘;’,«,‘7 Y'-HY:J,YH '

We see from (25), (26), (27) that a knowledge of <(K/t_-l>
is no longer adequate for the calculation of spectral densities and

relaxation times. We must now use our knowledge of the values of -
{ n 2)
A oo efomblon t Flt)) £’F(/t:)) v and of <'R[(_—)> to calculate 'R/C/ from 7
(9). Then we must obtain < 'R”;) Lo"lt)w',(o) > , calculate ) ‘

its Laplace transform and the matrix elements of this, evaluate c¢¢(s) ) i

from (27) and employ (25) and (26) to deduce the relaxation times.
! This has been done in principle for an asymmetric molecule and with
1 the inclusion of inertial effects. Explicit results can be given

for molecules that are linear, axially symmetric or spherical.

For simplicity we shall report these results only in ) i
the extreme narrowing approximation of ‘v, & ’K T/ ( 773) Gr o §
vhere I and ’_B stand generically for the moments of mertla '
and the friction constants in (8). Then T’f and —’; are equal,

and we shall denote their common value by .Ts,,. + In the case of
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a spherical molecule

L BTG )02 (6 )
T. 3l el Lo e T8

s ,&,,H* * where K - /ET/(IB’) ,the spin-rotational tensor component (;l

\ refers to the direction of the radius through the nucleus and C.L
refers to a perpendicular direction. In the case of a molecule
which has a principal axis of inertia through the centre of mass
that passes through the nucleus and which is such that this

; principal axis is an axis of symmetry ()m. for the molecule
with m> 3 14

1

24T ( 2LC 1, C
T, ?f?{aw.@ Ty

2 21 ‘21 » o z (9)
T (5 T - 2B\ & Caa o)
1 34 V3 -:B; B;‘*‘ -5' L I'ng /E,-l B;) .
In this equation I > 13 R B; refer to the axis of symmetry,
C.L 5 I, , B, refer to a perpendicular axis and D, >T3
15

are defined in (23). In the case of a linear molecule

1 ARTIC
Toe 3R (303

Calculations have been performed for the above

16

molecular models, when inertial effects are ignored " . It has
been found that (28) is altered to

. 21AT(G+2C)
Tee 388 ?
that (29) is altered to

_rs:- %/ﬂi Bn B? )

and that (30) is unaltered. The inclusion of inertial effects

M g,




produces for the sphere and for the symmetric rotator corrections
of order K , which is at most a few per cent. There is zero
correction for the linear molecule, even though the calculations

have been performed to an accuracy of K* .

5. CONCLUSION

An analytical theory of nuclear magnetic relaxation has
been based on the stochastic rotation operator and on the Redfield
method of establishing a differential equation for the ensemble
average of -the magnetic moment produced by a specified interaction
mechanism. The theory has been applied to examples of two different
classes of interaction, namely, anisotropic chemical shift and spin-

rotational. The present theory is confined to the study of the

behaviour of a single molecule.
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. NMR of Solid Biopolymers

/”’ E. R. Andrew

Departments of Physics, Radiology and Nuclear Engineering Sciences,
University of Florida, Gainesville, Florida 32611, USA

From the very earliest days of NMR it has been possible to study the
motion of molecules in the solid state, first from the narrowing of the proton
dipolar-broadened spectrum, and in more detail from the measurements of the
proton spin-lattice re¢taxation time Tl' So we wondered how much we could
learn about the dynamical behavior of larger molecules such as proteins from
NMR in the solid state. This has the interest that we are examining the
molecules in the same environment as that in which their X-ray structures were
determined and it would also complement NMR studies on these molecules in

solution.

One advantage of working in the solid state is the very wide temperature
range which is accessible from room temperature down to quite low temperatures
and this gives the chance to characterize the motions well with activation
parameters., In solution often only a small temperature range is accessible

before denaturing and degradation occur,

A second advantage of working in the solid state is that the large
protein molecule is essentially fixed in the crystal lattice so that we
examine directly the intramolecular motions. In solution on the other hand
the intramolecular motions are superposed on tumbling of the whole molecule,
which complicates the analysis, and of course it can only be applied to those

groups whose spectral lines are separately resolved and assigned.

In the present work we are looking at the relaxation of the whole
collective assembly of dipolar-coupled protons. So we cannot be specific
about the details of particular individual groups, but as we shall see we can
determine the types of motion which contribute most and we can characterize
them. A protein contains several hundred protons, mayhe a thousand or more,

each with its own molecular environment, which makes it a complicated system

to investigate., So the philosophy of our work was to start with simpler
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precursors and haviag established some types of behavior and understood them

quantitatively we could then move on to protein molecules themselves with more

confidence.

So we began by looking at the proton relaxation time T, of all the
classical 20 amino acids of which proteins are composed, in the solid state
from 100 to SOOK. This work has been reported in a series of three papers
(1,2,3). Analysis using the well-known Kubo-Tomita theory of dipolar
relaxation (4) developed from the original relaxation theory of Bloembergen,
Purcell and Pound (5), quantitatively identified reorientation of methyl and
NH; groups and motions of other side groups. At each temperature a single
correlation time T, characterized each motion and its temperature-variation
followed a simple Arrhenius activation law, from which an activation energy EA
and pre-exponential factor 10 was determined. The whole relaxation-
temperature curve was fitted by computer, not just the asymptotes.
Measurements were made at two frequencies and the same parameters were used in
fitting the results from both. A comparison of the measured and calculated
dipolar coupling co;stants provided a strong test of the correct
identification of the motions. This work on the solid amino acids is a
subject in itself and some of the amino acids exhibited most interesting side
chain motions, particularly arginine, cysteine, methionine, phenylalanine and

valine.

These measurements were extended to polycrystalline dipeptides and
tripeptides (6), for example alanylglycine and glycylalanine and the sgeries
glycine, diglycine, triglycine, polyglycine. We usually found the features of
the monomeric amino acids carried over with minor modifications into the
peptides. Next we examined a serles of homopoiypepcidea (7) and by then felt

we had enough experience to help us tackle some solid proteins.

The four proteins examined in polycrystalline form were a-chymotrypein,
insulin, lysozyme and ribonuclease A, selected because they are well-
characterized, their X-ray structures have beean determined, they are readily
available in pure form and are not too expeasive. We used about 0.58 for each
specimen, and pumped them for 24 hours at room temperature to remove oxygen

and most of the water. Measurements were made at 18, 30 and 60 Miz on each
protein from 300K down to 10K. Results for ribonuclease A are shown in Fig. 1.

The results (8-11) exhibited altogether broader shallower curves than

N
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those found for the monomeric amino acids and the simple peptides, and could

only be accounted for assuming a distribution of correlation times T This
is really not surprising. In the pure amino acids we sometimes regolved two
or even three correlation times from two or three independent molecular group
motions at each temperature. In a biopolymer such as these protein molecules,
with very many different proton sites and degrees of freedom, many correlation
times are needed. We should note that we could fit any one of the relaxation
curves measured at a single measuring frequency with a single thermally-
activated correlation time, but not all three curves for the three measuring
frequencies simultaneously. This illustrates how important it is to work at

several measuring frequencies.,

Four well-known distribution functions were tried: Gaussian (log-
normal), Cole-Cole, Cole-Davidson, Fuoss-Kirkwood. It was found tht the
Gaussian distribution provided the best characterization of the data for all
four polycrystalline proteins over the range 70-250K.

We can go a long way towards identifying the motions responsible. The
earlier work on precursors leads us to expect methyl groups and their
reorientation to be important in the side chains of six amino acids, namely
alanine, isoleucine, leucine, methionine, threonine and valine. The
relaxation minima of the proteins occur in approximately the same temperature
range as in most precursors, The activation energies are very similar to
those of the amino acids; we do not expect them to be exactly the same, but it
is satisfactory that they are similar and it suggests that most of the
restrictions to reorientation are intramolecular. Moreover we can calculate
the expected relaxation constant, assuming that rapid spin diffusion maintains
a common spin temperature and that the methyl proteins have to relax all
protons in the protein molecules. This analysis shows that methyl
reorientation in the side chains accounts for about 70% of the measured :
relaxation constants, leaving some 30 to be accounted for by side chain é

motions, segmental motion, reptation and whole-body motions. i

Since we are dealing with an inhomogeneous system with methyl and other
groups in a wide variety of environments, the assumption of a distribution of
values of T each characterizing an exponential correlation function, seems

physically more appropriate than use of a single suitably-chosen non-

exponential correlation function such as that of Willifams and Watts (12).
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Above 250K and below 60K the experimental values of Tl fall below the

calculated curves for all four proteins and evidently other processes become
important here. At low temperatures there seems to be a weaker but less-
hindered process. To cast light on this we examined two homopolypeptides

devoid of methyl groups, namely polyproline and polyglycine.

Polyproline showed a surprisingly strong proton relaxation (13).
Analysis of the relaxation constant showed that this could be attributed to
conformational motion of the proline rings. There are a number of proline
residues in proteins, for example there are nine in a-chymotrypsin. This
motion can therefore be expected to contribute significantly to proton

relaxation over the whole temperature range.

By contrast the proton relaxation in polyglycine is much weaker (13),
arising from segmental motions of the chains which modulate the dipolar
interactions of the methylene and imino groups. Below 60K the relaxation of
solid proteins and polyglycine tend to become equal; this supports the view
that segmental motions of the protein chain make important contributions to

relaxation in solid proteins at low temperatures,

Above 250K the deviation of Tl below the computed curves is attributed to
additional relaxation contributions of water molecules in the structure, We
have investigated this with measurements on polycrystalline lysozyme and

a-chymotrysin progressively hydrated with Hzo and 020 up to 602 by weight
(14). The amount of water added was measured by increase of weight and by
Karl-Fischer titration. The Karl-Fischer titration showed that our normal
specimens pumped at room temperature re:aiqiflabout 2% water, strongly bound.
ee hg.4.

Two main features were noticed (14),A Above 180K increase of hydration
progressively decreased T, exhibiting a characteristic minimum which shifted
to progressively lower temperatures. Below 180K increase of hydration
progressively increased Tl' The increased relaxation rate above 180K is due
to reorientation of the water molecules., Additional water is bound less
strongly causing the T; minimum to shift to lower temperatures. Analysis
shows (14) that the activation energy for this motion decreases from 30kJ/mole
for the first increments of water to 20kJ/wole for the last increments. It is
noteworthy that the last increments of water contribute to relaxation even
dowm to 180K. The relaxation constant for the water reorientation turns out

to be about 562 of that for f{sotropic intrsmolecular dipolar relaxation of

‘ol 2 4 Rns,




i

i

N

rd

pure water, This reduced value can be attributed to three causes: (1)

anisotropy of the reorientation of the water molecules on their sites, (2) a
distribution of activation parameters on the various sites of attachment, (3)
a lengthening of the interproton distance due to hydrogen bonding of the water

molecules on their sites.

Below 160K Tl increased monotonically and approximately linearly with
successive additions of water. At these lower temperatures the water
molecules are frozen in the structure and contribute nothing to relaxation,
but they do add to the load of protons needing to be relaxed by other protein

motions.

When D20 is added instead of HZO we have similar effects, but very much
weaker because of the relative Iinefficiency of deuterons in relaxing the load
of protons; indeed calculations shows that it is 4.2% smaller which

approximately accounts for what 1s observed.

This study confirms that the presence of water in proteins causes extra
relaxation at higher temperatures due to motions of the water molecules
themeselves, but there 1s no evidence of any change in the protein molecules

induced by the presence of the water,

All the work described so far is based on measurements of Tl which are
particularly responsive to dynamic behavior in the frequency range 10S - 1010
Hz. Recently we have extended our studies to measurements of the dipolar
relaxation time T;p using the Jeneer-Broekaert pulse sequence (15), since this
is responsive to dynamical behavior in the spectral region 1 to 105 Hz,

enabling a wide spectral range ] to 1010 Hz to be investigated overall.

Extending the expression for TlD for a distribution of correlation times
in the same manner as we did previously for T, and using the activation
parameters previously obtained from measurements of Tl’ we predict that a
minimus in TlD should be fouand at about 85K, about 100K lower than for Tl.
Experiment bore this prediction out closely for both a-chymotrypsin and
lysozyme (16). This extrapolation was a severe test of the parameters
obtained from T, measurements and gave some confidence to the description and
characterization of the motions obtained through T). The shift of the Tip
ainimum 100K lower, where the motions are some 10“ times slower gives the

opportunity to examine new motione at higher temperatures. The minimum value
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of TlD is 210 times shorter than that of Tl at 60MHz for lysozyme, but theory

predicts a ratio of 3000. A similar discrepancy was found for
a-chymotrypsin, and is attributed to a spin-diffusion bottleneck.

In some cases the use of TlD enables relaxation mechanisms and motions to
be resolved which are not resolved in Tl. An example was provided by solid
polyvaline. In addition to a deep minimum in TID attributed to wmethyl group
reorientation in the monomer side chains, there is a weaker minimum at about
200K which is attributed to a more hindered reorientation of the whole side
chain which modulates a much smaller fraction of the overall dipolar second

moment.

~r
So summarizing, 4t has been possible through the study of proton

relaxation in solid proteins and related molecules to identify and
characterize the following molecular motions which contribute to relaxation:
>(1) methyl group reorientation; ’
(2) segmental motiong
~4(3) side chain motion,
’;(53 proline ring puckering: a.»=é~“

>, (5) water molecule reorientation. R
Finally it is a pleasure to express my great indebtedness to my

colleagues at Nottingham without whom these studies could not have been
undertaken, especially D. J. Bryant, E, M, Cashell, Q. A. Meng, R. Gaspar, D.

N. Bone and T. Z. Rizvi.
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Figure Captions

Figo 1.

Fig. 2.

The temperature dependence of the proton spin-lattice relaxation time
T, 1in solid ribonuclease A between 10 and 300K. The full lines are

theoretical curves calculated as described in the text,

The variation with temperature of the proton spin-lattice relaxation
time Tl at 60 Miz is polycrystalline lysozyme with various degrees of

hydration. Full circles and full lines refer to hydration with uzo;

open circles and dashed lines refer to'hydration with HZO.
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